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Abstract 
Shales of very low metamorphic grade from the 2.78 - 2.45-billion-year-old (Ga) 
Fortescue and Hamersley Groups, Pilbara Craton, Western Australia, were analyzed 
for solvent extractable hydrocarbons. These rocks are one billion years older than the 
previously oldest known sediments that contain-clearly indigenous bitumen. Samples 
were collected from ten drillcores and three mines in a sampling area centered in the 
Hamersley Basin near Wittenoom and ranging 200km to the southeast, 1 OOkrn to the 
southwest, 70km to the northwest and 200km to the northeast. Almost all analyzed 
kerogenous sedimentary rocks yielded solvent extractable molecules. The total 
concentration of saturated hydrocarbons was cormnonly in the range of 1 to 20ppm 
(J..Lg/g rock) but reached maximum values of 1000ppm. The abundance of aromatic 
hydrocarbons was <1 to 30ppm. Analysis of the extracts by gas chromatography 
(GC), gas chromatography-mass spectrometry (GC-MS) and metastable reaction 
monitoring (GC-MS MRM) revealed the presence of n-alkanes, mid- and end-
branched monomethylalkanes, ro-cyclohexylalkanes, acyclic isoprenoids, diamond-
aids, tri- to pentacyclic terpanes, steranes, aromatic steroids and polyaromatic 
hydrocarbons. Neither plant biomarkers .nor hydrocarbon distributions indicative of 
Phanerozoic contaminations were' detected. The host kerogens of the hydrocarbons 
were depleted in 13C by 2 to 21%o relative ton-alkanes, a pattern typical of, although 
more extreme than, other Precambrian samples. Acyclic isoprenoids showed carbon 
isotopic depletion relative to n-alkanes and concentrations of 2a-methylhopanes 
were relatively high, features rarely observed in the Phanerozoic but characteristic of 
many other Precambrian bitumens. Molecular parameters, including sterane and 
hopane ratios at their apparent thermal maxima, condensate-like alkane profiles, 
extremely high mono- and triaromatic steroid maturity parameters, very high methyl-
adamantane and methyldiamantane indices and very high methylphenanthrene 
maturity ratios, indicate thermal maturities in the wet-gas generation zone. Extracts 
from shales associated with iron ore deposits at Tom Price and Newman also have 
unusual polyaromatic hydrocarbon patterns indicative of pyrolytic dealkylation. 
v 
Kerogens isolated from the 2.5Ga Mt McRae Shale from Tom Price were also 
analyzed by hydropyrolysis, a continuous-flow technique that degrades organic 
matter in a stream of high-pressure hydrogen. The pyrolysates yielded mostly 
phenanthrene and pyrene while higher polyaromatic hydrocarbons and alkylated 
homologues were generated in low relative con~entrations. Saturated hydrocarbons 
were not observed. However, the molecular distribution and carbon isotopic 
composition of the aromatic hydrocarbons llv.the- pyrolysates was very similar to the 
composition of the aromatic fraction of the solvent extracts. Solvent-extractable 
aromatic hydrocarbons from Tom Price and Newman are therefore characterized as 
'clearly syngenetic' with the Archean host shales. The pyrolytic composition of the 
bitwnens is interpreted as the result of hydrothermal activity and/or dehydrogenation 
by oxidizing brines, overprinted by regional low-grade metamorphism. The organic 
matter in the iron mines could potentially have recorded flow direction, redox 
potential and temperature of the ore forming fluids. Based on this assumption, a new 
organic geochemical approach is suggested for determining hypogene versus 
supergene controls on iron mineralization in the Hamersley Province. 
The saturated hydrocarbons and biomarkers in bitumens from the Fortescue and 
Hamersley Groups are characterized~as 'probably syngenetic with their Archean host 
rock' based on their typical Precambrian molecular and isotopic composition, 
... 
extreme maturities that appear consistent with the thermal history of the host 
sediments, the absence of Phanerozoic biomarkers, the absence of younger petroleum 
source rocks in the basin and the wide geographic distribution of the samples. 
Accepting their syngeneity, the biomarkers bring unprecedented clarity to our under-
standing of Archean biodiversity and ecology. The presence of hopanes confrrms the 
antiquity of the domain Bacteria and the high relative concentrations of 2a-
methylhopanes indicate that cyanobacteria were important primary producers before 
2.75Ga. Oxygenic photosynthesis therefore evolved well before significant levels of 
oxygen accumulated in the atmosphere. The presence of cyanobacteria, a relatively 
derived clade of photosynthesizers implies that heliobacteria, purple bacteria, green 
sulfur bacteria and green non-sulfur bacteria might have evolved earlier in the 
Archean. Moreover, the abundance of cyanobacterial biomarkers in shales 
interbedded with oxide-facies banded iron formations (BIF) indicates that although 
VI 
some Archean BIF might have been formed by abiotic photochemical processes or 
anoxygenic phototrophic bacteria, those in the Hamersley Group formed as a direct 
consequence of biogenic oxygen production. Biomarkers of the 3~-methylhopane 
series suggest that microaerophilic heterotrophic bacteria, probably methanotrophs 
and/or methylotrophs, were active in late Archean marine environments. The 
presence of steranes with a wide range of structures in relative abundances like those 
from late Paleoproterozoic to Phanerozoic sediments provides convincing evidence 
for the existence of eukaryotes in the late Archean, ~600Ma before microfossil 
evidence indicates that the lineage arose . 
. . 
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"Auf der Oberjliiche der Erde waren die 
. . 
einzigen Merkmale einigl iliihlungen, die eines 
Tages Wasser/ocher sein wurden. Es gab keine 
Tiere und keine Pflanzen, doch um die 
Wasser/ocher halite sich eine hreiige Fiille von 
Materie: Klumpen von Ursuppe -lautlos, blind, 
nicht atmend, nicht wach und nicht schlafend -
und jeder einzelne trug die Substanz des Lehens 
oder die Moglichkeit der Menschwerdung in 
sich. 
Unter der Erdkruste jedoch glitzerten die 
Konstellationen, die Sonne schien, der Mond 
nahm zu und ab, und ·aile F ormen des Lehens 
.~ ...... 
lagen schlafenrf· dat · das Scharlachrot einer 
· Wustenwicke; das irisierende Licht auf einem 
._ ... 
Schmetterlingsjlugel, der zuckende weisse 
Schnurrbart des Alten Kiinguruhmannes- sie 
ruhten wie Samen in der Wiiste, die auf einen 
vorbeiziehenden Regenschauer wart en 
mussen." 
Bruce Chatwin - Traumpfade 
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'On the surface of the Earth, the only 
.. 
features were certain-vlfo~fows which would, 
one day, be waterholes. There were no animals 
and no plants, yet clustered round th!! 
waterholes there ~ere pulpy masses of matter: 
lumps of primordial soup - soundless, 
sightless, unbreathing, unawake and 
unsleeping - each containing the essence of 
life, or the possibility of becoming human. 
Beneath the Earth's crust, however, the 
constellations glimmered, the Sun shone, the 
Moon waxed and waned, and all the forms of 
life lay sleeping: the scarlet of a desert-pea, the 
.. .. . 
. . 
· iridescence on .u bulterjly's wing, the twitching 
·- white whiskers of Old Man Kangaroo -
._.,... 
dormant as seeds in the desert that must wait 
for a wandering shower. ' 
Bruce Chatwin- The Songlines 
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1. Introduction 
1.1. Aim and scope of the thesis 
The aim of this thesis is to determine whe~r :.Or not molecular fossils of biological 
lipids (biomarkers) exist in sedimentary rocks of Archean age (>2.5-billion-years) 
and, if so, to elucidate whether they are indigenous and syngenetic. The biological 
information gleaned from any syngenetic biomarkers should then contribute new 
knowledge about the evolution of early life on Earth. To achieve these goals this 
study focuses on exceptionally well preserved Archean shales from the Pilbara 
Craton, Western Australia. It uses molecular and isotopic geochemical techniques 
adapted for analyzing trace quantities of diverse organic species. To determine 
antiquity, molecular structures and carbon isotopic compositions are considered in 
context of the depositional and geothermal history of the host rocks, and contrasted 
with compositions of potential contaminants. Before considering these issues, 
however, the biomarker concept, the toi?ics of Archean life, the history of Archean 
J • • 
organic geochemistry and the fu&rm~l· stability of hydrocarbons must first be 
.~ 
discussed. 
-~ 
1.2. Life in the Archean 
Stable isotopes, microfossils and stromatolites all indicate that microorganisms 
inhabited Archean lakes and oceans. These remains in ancient rocks provide 
circumstantial evidence for some primordial physiologies and metabolisms in Earth's 
early biosphere. However, what these ancestral organisms were and how they were 
phylogenetically related to extant forms remains obscure. 
The oldest putative evidence of life on Earth is 13C depleted graphitic carbon 
discovered in - 3.8 billion year-old (Ga) metamorphic rocks of the Isua supracrustal 
belt in Greenland (Fig. 1-1) (Mojzsis eta!., 1996; Rosing, 1999; Schidlowski, 1988; 
Schildlowski, 2001). Rocks 3.47Ga old from the North Pole area in the Pilbara 
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Figure 1-1. Geological time-scale from the beginning of the Earth -4.6 billion years ago (Ga) to the 
present. The dates are discussed in the text. 
Craton, Western Australia, contain sulfides with an isotopic signature characteristic 
of sulfate reducing organisms, the oldest evidence of a specific metabolism 
(Shen eta!., 2001). The oldest known stromatolites, finely laminated domical 
sedimentary structures built by microbial mat communities, were also discovered in 
- 3.47Ga old shallow water deposits at North Pole (Buick eta/., 1981; Walter eta/., 
2 
1980). Fossils of filamentous microorganisms discovered in a 3.24Ga old 
volcanogenic sulfide deposit of the Sulphur Springs Group, Pilbara Craton, are 
possibly the remains of thermophilic chemotrophs that inhabited subsurface 
hydrothermal systems (Rasmussen, 2000). A further benchmark in the development 
of microbial physiologies is thought to be related to the global isotopic excursion of 
sedimentary organic carbon at about 2.8 to 2.6Ga ago. This secular trend towards 
low 813C values possibly indicates the adv'~p.t' of large-scale microbial methane 
generation and methane oxidation (Hayes, 1983). As methane oxidation ultimately 
requires molecular oxygen, this event, along with evidence from stromatolites 
growing in sulfate-deficient lakes at -2. 72Ga, might indicate that oxygenic 
photosynthesis had evolved by the late Archean (Buick, 1992). However, as oxidized 
species would have been rapidly scavenged by reduced iron~ sulfur and hydrogen 
derived from crustal, hydrothermal and volcanic sources, oxygen levels in the 
Archean atmosphere evidently never exceeded trace levels (Rasmussen & Buick, 
1999). 
There is no direct evidence capable of revealing the exact phylogenetic position of 
Archean sulfate reducers, methanogens and methanotrophs or phototrophs and 
chemotrophs. The organisms that constructed Archean stromatolites are unknown 
J. - ; 
and Archean microfossils are commonly"so poorly preserved that their phylogenetic 
~ ' 
relationships remain obscure even at domain level. Stable isotopes of carbon and 
!'-
sulfur provide valuable evidence of metabolic activity but little information about 
taxonomy. The oldest fossils well enough preserved to be recognized as a member of 
an extant clade only appear ir:t the mid-Paleoproterozoic, providing diagnostic and 
unequivocal evidence for organisms of the phylum Cyanobacteria at 2.15Ga 
(Hofmann, 1976). The oldest possible eukaryotes were discovered in iron deposits 
~2.1Ga old (Han & Runnegar, 1992) while morphological evidence for the domain 
Archaea does not exist at any time. 
Potentially, a better insight into Precambrian microbial diversity can be obtained 
from molecular fossils (biomarkers) preserved in sedimentary rocks. So far, the 
oldest known biomarker molecules were detected in the ~ 1. 7Ga Barney Creek 
Formation, McArthur Group, Northern Territory (Summons eta/., 1988b) (Fig 1-1). 
Unambiguously indigenous biomarkers of greater age have not been reported. 
3 
1.3. Biomarkers 
Biomarkers are molecular fossils of biological lipids, stable under geological 
conditions and structurally related to their biogenic precursor . 
. 
Origin and generation of biomarkers ~ ····(. ' 
In aquatic environments microorganisms convert particulate and dissolved organic 
matter almost quantitatively to carbon dioxide and methane. However, a small 
fraction of the total biomass escapes biodegradation and accumulates in bottom 
sediments. During transport through the water column and subsequently in the 
bottom sediment, this organic matter is altered by chemical and biological processes 
(diagenesis). The organic matter preserved in sediments therefore contains elevated 
concentrations of degradation-resistant biopolymers and lipids. Kerogen, the 
insoluble organic debris in sediments and sedi.J:nentary rocks, forms by aggregation 
of degradation resistant macromolecules and/or lower molecular-weight components 
through condensation and vulcanization reactions. Bitumen1, the solvent extractable 
fraction of sedimentary organic matter, is initially composed mostly of biolipids . 
.T - : 
During diagenesis, these function§lize.d lipids, such as sterols and hopanoids, 
.. 
undergo degradation and reaqangement reactions, generating an array of lower 
molecular weight '(MW) homologues and stereo- and structural isomers. As the 
extent and relative speed of diagenetic reactions is dependent on redox conditions, 
pH and availability of catalytic sites, the analysis of these structurally related 
components often yields valuable information about chemical conditions in 
sediments during and after deposition. Where appropriate conditions prevail in the 
sediment, biolipids eventually loose all functional groups but remain identifiable as 
geologically stable hydrocarbon skeletons (Fig. 1-2). 
With increasingly deep burial over millions of years, geothermal heat will initiate the 
thermal degradation of kerogen (catagenesis) (Fig 1-3). The immobile 
macromolecular mass is partly cracked into smaller fragments, generating increasing 
volumes of petroleum liquids and gas. With increasing temperature, biomarkers and 
1 The term bitumen is used here for organic matter in rocks that can be extracted with solvents, 
irrespective of whether its indigenous nature is established or not. The plural of bitumen in organic 
geochemical terminology is 'bitumens'. 
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Figure 1-2. Typical biolipids of the three domains of life and their molecular fossils. 
other mobile components also undergo thermal rearrangement and cracking 
reactions. Biomarker ratios measuring the relative distribution of homologues and 
isomers can therefore be used to monito'r thermal histories. 
With continuing burial, residual liquid bitumen is cracked to wet-gas, a gas-solution 
of higher hydrocarbons in methane, and fmally into dry-gas, methane that contains 
less than 2% larger molecules. At temperatures and pressures that initiate the 
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metamorphism of the host rock, most or all of the bitumen is expelled or cracked and 
the kerogen becomes a hydrogen-poor, partly crystalline, semi-graphitic carbon 
phase. The temperature and time constraints on the survival of higher hydrocarbons 
and biomarkers are poorly understood and much debated. The thermal stability of 
biomarkers under geological conditions is of great significance for evaluating 
hydrocarbons obtained from Archean metasediments. Therefore, hydrocarbon 
thermal stability is discussed in detail in s~~n~l . 6 . 
r 
The biomarker concept 
In sedimentary environments, and under · appropriate diagenetic conditions, 
functionalized biolipids are reduced to hydrocarbon skeletons (Fig 1-2). However, 
the biological information of the defunctionalized molecules is not entirely lost. In 
many cases it is possible to assign these hydrocarbon skeletons to taxonomic groups 
because some complex molecular structures are not universally distributed 
throughout the biosphere. For example, pentacyclic terpanes of the C31 to C3s 
extended hopane series are diagnostic biomarkers for the domain Bacteria 
(Fig. 1-2A). The biological precursors of extended hopanes, the bacteriohopanoids, 
have the physiological function of .me~brane rigidifiers. In eukaryotes the role of 
-. ~ . 
membrane rigid~fiers is taken py# sterols. Molecular fossils of sterols are steranes 
(Fig 1-2) and argp1.atic steroids. Although a few bacteria are also capable of 
synthesizing a limited variety of sterols, the wide structural range of fossil steranes 
typically found in oils and bitumens is diagnostic for organisms of the domain 
Eucarya (Fig. 1-2B). Similarly, a range of structurally distinctive acyclic isoprenoids, 
found in sedimentary rocks can be assigned exclusively to the domain Archaea. The 
precursor lipids are acyclic isoprenoids, with varied modes of isoprene linking, 
connected to polar head-groups via ether-bonds (Fig. l-2C). Other biomarkers are 
evidently diagnostic for taxonomic groups below domain level. These include 
extended 2a-methylhopanes for cyanobacteria, 24-n-propylcholestanes for chryso-
phyte algae of the order Sarcinochry~idales, 24-isopropylcholestane for the class 
Demospongiae and a large number of very distinctive polycyclic compounds 
characteristic of various plant taxa. The study of biomarkers in sedimentary rocks 
thus allows the existence of a taxonomic group to be established for a given 
geological period. This capability is especially useful for the Precambrian where 
6 
diagnostic body-fossils are usually absent. For example, it was possible to 
demonstrate that all three domains of life, Bacteria, Eucarya and Archaea had 
evolved by the end of the Paleoproterozoic by studying bitumen in 1.7Ga old rocks 
from the McArthur Basin, Northern Territory (Summons et a/., 1988b) (Fig. 1-1). 
Thus, the discovery of molecular fossils of Archean age could potentially reveal the 
phylogenetic range of organisms comprising Earth's earliest biosphere. It is therefore 
.. 
hardly surprising that .the search for such 'f&iic)"organic molecules' (in the words of 
Tom Hoering and cited in Hayes et al., 1983) has attracted considerable attention 
previously. 
1.4. The history of Archean organic geochemistry 
Early discoveries 
P. H. Abelson was among the frrst to suggest that the organic chemical analysis of 
Precambrian rocks may yield information about early life and evolution (in 
Woodring, 1954) and he also detected the first biogenic molecules in Precambrian 
rocks (in Barghoom, 1957). The mole~ules identified were amino acids in ppm 
. ) - . 
quantities and the host rock was 1\!e 2}Ga Gunflint Chert, where the discovery of 
.. 
spectacular micrefossils early in the 1950s was a trigger for a renewed search for 
traces of life in earth's oldest rocks. Indeed, the refmement of organic geochemical 
techniques was, according to McK.irdy (1974), largely driven by the search for the 
Precambrian molecular fossils. A quick succession of reports concerning the 
occurrence of amino acids, fatty acids, porphyrins, n-alkanes and acyclic isoprenoids 
in Precambrian sediments as well as complex biomarkers such as steranes and 
pentacyclic triterpanes followed. The host rocks included the 3.45Ga Onvervacht 
Group, Swaziland Supergroup, South Africa (Han & Calvin, 1969; Kvenvolden & 
. 
Hodgson, 1969; Nagy & Nagy, 1969), the 3.35Ga Fig Tree Group, Swaziland 
Supergroup, South Africa (Oro & Nooner, 1967; Schopf & Barghoom, 1967), the 
2.8Ga Witwatersrand Supergroup, Kaapvaal Craton, South Africa (Prashnowsky & 
Schidlowski, 1967), the 2.7Ga Roy Hill Shale, Jeerinah Formation, Fortescue Group, 
Pilbara Craton (Hoering, 1966), the 2.65Ga Soudan Iron Formation, Superior 
Province, Canada (Belsky eta/., 1965; Burlingame et al., 1965; Johns et al., 1966; 
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Meinschein, 1965), the 2.1 Ga Gunflint Iron Formation, Animikie Group, Minnesota 
(Oro et al., 1965), the 1.34Ga McMinn Shale, Roper Group, McArthur Basin, 
Northern Territory (Haering, 1966) and the 1.05Ga Nonesuch Shale, Keweenawan 
Group, Lake Superior Basin, Michigan (Barghoom et al., 1965; Eglinton et al., 1964; 
Haering, 1966; Meinschein et al., 1964). The large number of reports published 
through the 1960s in the most prominent journals (at least fourteen in Science and 
... 
Nature) is a good reflection of the enthusiasnj. -sparked by these discoveries. There 
have been several comprehensive and often critical reviews of this early period of 
Precambrian organic geochemistry (Hayes et al., 1983; Haering, 1967; Imbus & 
McKirdy, 1993; McKirdy, 1974; Rutten, 1971). 
Emerging views of the contamination and preservation problem 
The majority of the accounts published between 1964 and 1969 appraised the 
extracted molecules predominantly in terms of a biogenic versus abiogenic origin, 
underrating the problems of contamination and ignoring the extreme thermal history 
of most ofthe analyzed rocks. However, in the words ofHayes et al. (1983), many of 
the 'workers in this field have frequently been their own severest critics'. So it 
became clear that amino acids could ei~ily be introduced into samples by contact 
·~. 
with human fmg~rs (Or6 & Ske1Ye~ 1965). With newly developed techniques it was 
then possible to de~monstrate that all amino acids extracted from the 3.4Ga Fig Tree 
Chert were optically active (biological L-configuration) (Kvenvolden et al., 1969). 
As amino acids should be fully racemized after only one million years at 25°C, it 
became apparent that these molecules were introduced into the Archean cherts at a 
much later point in time, possibly carried by percolating ground waters (Hayes et al., 
1983). That this is a reasonable explanation was later demonstrated by permeability 
measurements on Archean cherts (Nagy, 1970; Sanyal et al., 1971; Smith et al., 
1970). 
The syngeneity of saturated hydrocarbons extracted from metamorphosed 
Precambrian rocks began to be questioned at the end of the 1960s and the beginning 
of the 1970s. The first report dedicated to the problems associated with Precambrian 
organic trace analyses was by Haering (1966). He pointed out that the graphitic 
nature and low hydrogen content of most Precambrian kerogens indicate that the host 
8 
rock must have had a severe thermal history inconsistent with the survival of soluble 
organic molecules. Hoering (1966) therefore formulated the rule that extracted 
alkanes cannot be indigenous unless the pyrolysis of co-occurring kerogen also 
predominantly yields saturated hydrocarbons. However, pyrolysis experiments on 
graphitic Precambrian kerogens generally yield little such material. He then also 
demonstrated that even Precambrian igneous rocks might yield extractable organic 
.. 
molecules in quantities greatly exceeding ..tne· ~mncentrations previously reported for 
'Archean' biomarkers. 
Hoering (1966, 1967) listed a wide range of potential contamination sources: 
wrapping paper, aluminum foil, laboratory tissue, sample bags, laboratory air and 
anthropogenic petroleum products that 'appear in unlikely places and could fmd 
[their] way into rocks being studied'. Hoering believed that the 70ppm of extractable 
compounds detected in the 2.65Ga Soudan Shale were not indigenous but originated 
from newspaper that was in contact with the samples over a period of two years. 
Other sources of contamination mentioned by Hoering were soil organic matter 
carried by percolating ground water and, particularly problematic, petroleum 
expelled from younger source rocks that might have penetrated older Precambrian 
terrains {first mentioned by BarghooJll et a/., 1965, and Meinschein, 1965) . 
.1- ..: 
Hoering's argument that was most;,.widely accepted and later almost paralyzed the 
.... 
search for Archean biomarkers was a comparison of the stable carbon isotopic 
... 
composition of kerogens and extractable organic matter (Hoering, 1966; Hoering, 
1967). In five out ofnine Precambrian samples yielding extracts the kerogen was 7.8 
to 13.2%o lighter that the bulk of the bitumen. As these findings are in strong contrast 
to Phanerozoic samples~ where kerogen is typically slightly heavier (~2%o) than 
bitumen, Hoering concluded that the extracts were contamination. 
Smith et a/. (1970) also strongly advocated a recent origin for molecules extracted 
from Precambrian rocks. They demonstrated by sequential extraction of P.recambrian 
cherts that saturated hydrocarbons were concentrated on the outer surfaces of the 
samples or along grain boundaries. Removal of the silica matrix of these cherts by 
hydrofluoric aCid digestion and extraction of the remaining kerogen concentrate 
yielded no additional hydrocarbons. Younger Phanerozoic control samples, on the 
other hand, produced a significant extractable fraction after removal of the silica. The 
results apparently indicated that in the younger samples the bitumen was intimately 
9 
associated with the kerogen and therefore probably indigenous, while molecules in 
the Precambrian cherts were surficial and therefore contamination. Oehler (1977) 
later demonstrated that Precambrian kerogen has the tendency to absorb and retain 
any hydrocarbon contamination it might come in contact with. 
These discoveries proved daunting for the search of molecular fossils in 
Paleoproterozoic and Archean rocks, and the ~ndeavor virtually stopped. The last and 
most extensive work in this field, dissertatifus- on the analysis of organic molecules 
in Precambrian BIF (Fiebiger, 1973) and Archean stromatolitic carbonates (Wontka, 
1979), were never published in a scientific journal. The arguments that virtually 
froze the search for biomarkers in Archean and Paleoproterozoic rocks can be 
summarized as follows: 
(1) anthropogenic petroleum products are ubiquitous in the environment and 
contamination of geological samples with hydrocarbons or biogenic compounds 
in the ppm range is a widespread phenomenon; 
(2) organic molecules are highly mobile and can penetrate even apparently 
impermeable rock; 
(3) contaminants can be tenaciously absorbed and adsorbed by kerogen; 
, .. . : 
( 4) solvent extractable molecule~;::in rocks can only be indigenous if the pyrolytic 
degradation of co-occurring' kerogen yields saturated hydrocarbons; 
.:,·'t 
(5) a carbon isotopic difference of more than 2%o found in most Archean kerogen-
bitumen pairs is not a biological signal but indicates contamination; 
(6) the thermal history experienced by all Archean terrains has been too severe for 
the preservation of organic molecules. 
1.5. A new search for biomarkers in Archean rocks 
Precambrian organic geochemistry o~ the 1980s avoided the study of solvent-
extractable molecules in Archean rocks and instead concentrated on the best-
preserved and most organic-rich r<?cks of the Neo- and Mesoproterozoic. With 
refmed analytical methods, particularly the development of gas chromatography -
mass spectrometry- mass spectrometry (GC-MS-MS), and an exponential increase in 
10 
organic geochemical knowledge, it was later possible to confirm the integrity of 
some of the earlier reports. For instance the hydrocarbons in the l.lGa Nonesuch 
Shale (Hoering, 1976; Imbus et al., 1988; Pratt eta/., 1991) and the 1.4Ga Roper 
Group (Jackson eta/., 1988; Sununons eta/., 1994; Taylor eta/., 1994) were shown 
to be indigenous. The oldest clearly indigenous and syngenetic bitumen known to 
date was discovered in the 1. 7Ga Barney Creek Formation (Summons et a/., 1988b ). 
Encyclopedic reviews of the later Precamb~' biomarker research were performed 
.· 
.. 
by Summons & Walter (1990) and Imbus & McK.irdy (1993). Even more recent 
findings include possibly indigenous Paleoproterozoic bitumen ( 1. 7Ga) from China 
(Peng eta/., 1997; Peng eta/., 1998). 
The work reported hereafter concentrates on the thermally best-preserved samples of 
their age, kerogenous mudstones from the Archean Pilbara Craton in Western 
Australia. Although the samples are undeformed and extremely well preserved by 
Archean standards, they have still suffered lowest grade metamorphism, probably 
corresponding to temperatures between 200°C and 300°C. Despite great advances in 
petroleum chemistry, the boundary parameters for the preservation of organic 
molecules under geological conditions remain poorly understood and are much 
debated. The relevant literature about hydrocarbon stability is reviewed in the 
, .. 
following section. !:;I 
.~ 
.).'-. 
1.6. Hydrocarbon thermal stability 
1.6.1. Terminology 
The terminology used in this thesis to describe bitumen maturity is based on 
conventional organic geochemical nomenclature as described by Peters & Moldowan 
(1993) and is summarized in Figure 1-3. However, the maturation process of bitumen 
and petroleum can follow markedly different pathways between different samples 
and between different components of the same sample. Thus, the description of the 
preservation state of bitumen using such terminology as 'peak oil generation' or 
'overmature' is quite vague and clearly qualitative. It does not necessarily correlate 
with kerogen maturity data (e.g. vitrinite reflectance) or absolute temperatures unless 
11 
calibrated for each sample set. Figure 1-3 should therefore only be used as a visual 
indicator of the relationships between bitumen descriptions expressed in words, 
temperatures and vitrinite reflectance data. 
C,S+ hydrocarbon concentrations in source rock 
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~.;f . . ' 
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Figure 1-3. Tenninology for bitumen maturity used in this thesis is based on Peters & Moldowan 
(1993). The 'Modified te~perature scale' pertains to hydrocarbon preservation under ideal conditions 
and was derived from Table l -1 and data described in the text. 
_,- : 
~· 
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1. 6.2. The stahi{jty of organic matter under geological conditions 
Before beginning a search for Archean molecular fossils, two major questions 
require scrutiny. Firstly, can high MW hydrocarbons survive three billion years? 
Secondly, can high MW saturated hydrocarbons remain intact under the low grade 
metamorphic conditions (200 to 300°C) experienced by even the best preserved 
Archean rocks? 
The first question is easily answered. Well preserved, even moderately immature, 
hydrocarbons and kerogens have been detected in 1.4 to 1. 7Ga old sedimentary rocks 
of the McArthur Basin, Northern Territory, Australia (Crick et a/., 1988). The 
billion-year age of the host rocks obviously had no major effect on molecular 
preservation. This observation is supported by kinetic considerations that predict a 
half-life time for cyclohexane of 60 billion years at 150°C (Mango, 1990a; Mango, 
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1991). Bitumen is therefore largely unaffected by a long cool post-metamorphic 
history, as long as the host rock remains structurally intact. 
However, whether high molecular weight saturated hydrocarbons can survtve 
metamorphism is controversial. It has been widely accepted by petroleum geologists 
(see articles in textbooks by Hunt, 1979; North, 1985; Peters & Moldowan, 1993; 
Rullkotter, 1993; Tissot & Welte, 1984) th~j thermal degradation of kerogen with 
increasing burial depth leads to the forma1i~'n of petroleum at temperatures from 
-60°C to 150°C (Fig. 1-3), but at deeper burial depths and temperatures above 
150°C, metagenesis results in the total transformation of remaining kerogen and 
bitumen to graphite and methane. If this model was correct, a search for preserved 
bitumen even in best-preserved Archean rocks would certainly be unsuccessful. 
However, indications of hydrocarbon stability at higher temperatures has led other 
researchers (Price, 1997) to markedly different views of petroleum generation and 
preservation. Observational evidence and theoretical considerations supporting the 
existence of oil, even in commercial quantities containing preserved bi9markers with 
more than 30 carbon atoms, at temperatures of 200°C and more are reviewed in the 
following sections. 
Two lines of organic geochemi~al•.-i_nquiry have provided information about 
"' 
molecular stabilities under geol~gi8'al conditions: 
(1) kinetic modeling using parameters derived from laboratory heating experiments 
on petroleum or source rocks, which are then extrapolated to geological 
conditions; 
(2) observation and analysis of preserved hydrocarbons in natural systems with high 
present (e.g. deep petroleum reservoirs) or past temperatures. 
Kinetic models of thermal petroleum degradation 
A common technique for simulating petroleum generation and degradation under 
laboratory conditions is pyrolysis of source rocks, oils and model compounds. The 
kinetic data obtained by quantitative measurement of hydrocarbon degradation or gas 
generation is then extrapolated to geological temperatures and times. 
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An example of such a kinetic model was reported by Quigley & Mackenzie (1988), 
which predicts oil generation from kerogen between 100 and 150°C and gas 
generation from kerogen between 150°C and 220°C. Oil, according to Quigley's 
kinetics, should be completely destroyed between 150°C and 190°C. Quigley & 
Mackenzie (1988) also predicted that maximum temperature is the main controlling 
factor for hydrocarbon destruction and that ¢.~ influence of time in the sub-surface is 
low. However, there are several new lines--of·~vidence suggesting that this model is 
unrealistically conservative. Waples (2000) estimated that a maximum of 50 to 60% 
of oil is cracked to gas when reservoirs are at a temperature of 170°C and basin 
heating rates are low (2 to 5°C/my). At higher heating rates, for instance in basins 
with high geothermal gradients or rapid subsidence rates, oil as a liquid phase may 
even be preserved up to 200°C. Based on heating experiments with hexane as a 
model compound, Domine et a/. (1998) calculated that aliphatic hydrocarbons in 
crude oil are stable to at least 180°C and that the generation of natural gas by 
destruction of crude oil requires temperatures above 200°C over geological periods 
of time. Schenk et a/. (1997) performed programmed-temperature closed-system 
pyrolysis of crude oils, concluding that cracking of oil to natural gas cannot occur 
below 160°C without catalytic activity_; ,Conversion of oil to gas should begin at 
' . 
180°C, reaching a peak at 22Sit with small concentrations of hydrocarbons 
persisting to even higher temperatures. Burnham eta/. (1997) measured the rates of 
.! .. 
thermal decomposition of isotopically labeled n-hexadecane in a mixture with natural 
crude oil. The kinetic model derived from these experiments predicts that oil survives 
geological periods of time at 1 70°C to 200°C. Petroleum particularly rich in aliphatic 
hydrocarbons and low in heteroatomic compounds should be stable to 200 to 250°C. 
Pepper & Dodd (1995) came to a similar conclusion and predicted that traces of 
bitumen might persist in source rocks to 250°C. 
. 
The kinetic models outlined above predict maximum temperatures for hydrocarbon 
preservation ranging from 190°C to at least 250°C. The discrepancy of 60°C between 
the most pessimistic and most optimistic calculations has obvious reasons. 
Hydrocarbon generation and degradation by natural burial takes millions to hundreds 
of millions of years. To simulate these processes in the laboratory, reaction tin1es 
have to be reduced by eight orders of magnitude (Hayes, 1991) and experimental 
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temperatures increased by 200 to 400°C above the actual values experienced in 
sedimentary basins. Moreover, the degradation of petroleum is a highly complex 
\ 
process including several thousands of reactive species. Any kinetic model must 
therefore necessarily be an approximation. When the results of pyrolysis experiments 
are extrapolated over several orders of magnitude to geological times and realistic 
temperatures and pressures, any simplifications in the kinetic model and any small 
.. · 
errors in the experimentally determined kinel.ic ·parameters might lead to enormous 
deviations in predicted hydrocarbon stabilities (Waples, 2000). To put these 
theoretical predictions into an empirical context, oil and bitumen has to be observed 
in nature where temperatures are most extreme. 
Direct observations of hydrocarbon stability in geological systems 
Hydrocarbons preserved under extreme temperature conditions have frequently been 
observed in systems characterized by brief heating periods. In hydrothermal systems, 
for example, saturated hydrocarbons, including polycyclic biomarkers, are generated 
from kerogen at temperatures in excess of 400°C (Gieskes et a/., 1988; Simoneit, 
1985; Simoneit, 1993) and are preserved in fluid inclusions with homogenization 
.. -
temperatures of >450°C (Hoffm8.QO ei.'a/., 1988). However, hydrocarbons have a 
~ -
' •# 
high solubility in hydrothermal fluids (Simoneit, 1985) and thus have only short 
contact times wifuthe heat source. As another example, C1s+ hydrocarbons, including 
sterane and hopane biomarkers, can survive short heating periods at 300 to 500°C in 
proximity to volcanic intrusions (Bishop & Abbott, 1995; Clayton & Bostick, 1985; 
George, 1992). The most extreme observations are of polycyclic aromatic 
hydrocarbons (P AH) that form during the magmatic stage in granitic pegmatites and 
survive temperatures of up to 750°C (Bushev et a/., 2000). Although similar 
examples are frequently cited to demonstrate the thermal stability of hydrocarbons in 
nature, they contain little information about degradation resistance during burial 
metamorphism. Although organic matter in subsiding basins experiences 
comparatively moderate temperatures; the heating periods extend over several 
millions of years, and other variables, such as pore pressure, system closure, water 
availability, sulfur content and catalytic activity, become more important. 
15 
Examples of petroleum reservoirs and bituminous source rocks that exist at deep 
subsurface locations with present day temperatures of more than 175°C are 
summarized in Table 1-1. Pepper & Dodd (1995) described petroleum reservoirs in 
Triassic to Middle Jurassic sandstones of the Central Graben, North Sea, where oil 
and condensate exist at accurately measured present day temperatures of 120 to 
195°C. The petroleum composition in a pool with a temperature of 174°C was 
I .,• 
determined to be 70 wt% oil and 30 wt% gai. ·.'!~Alkanes with more than 35 carbon 
atoms were preserved in pools at all temperatures and alkane distributions were 
ahnost identical in oils from 150 to 195°C. Sterane and hopane .biomarkers were 
present but, according to the authors, their concentration was possibly affected by in-
reservoir cracking. The source rocks of these hot reservoirs, whilst at present day 
temperatures of up to 220°C, are possibly still in the oil window. The Elgin and 
Franklin fields in the North Sea off Scotland are commercially exploited high 
temperature oil reservoirs located at more than 5.2km depth (Knott, 1999). The 
temperature of the oil in the subsurface is 185°C in Elgjn and 196°C in Franklin, 
with reservoir pressures exceeding 1000bar. Brigaud (1998) even reported a 
maximum te~perature of 203°C within the Franklin field. It is still more impressive 
that temperatures in the pipelines transporting Franklin oil are 165°C. Another 
J .. .' 
4 ••. 
example of a high temperature petrole~m field is Sweethome in South Texas 
(McNeil & BeMent, 1996). The reservoir produces gas condensate at present day 
,.!;• 
temperatures of up to 200°C. Despite the fact that the reservoir has been at maximum 
temperature for a period of 30 million years, hopane biomarkers with up to 35 carbon 
atoms are still preserved. An even higher temperature, 208°C, was measured for an 
oil reservoir in Hungary at 4.8km depth (Sajg6, 2000). The temperature of the 
possibly still productive underlying source rocks was estimated to be 210 to 215°C. 
Price (1981 ; 1982; 1983; 1993; 1997; 2000) has described numerous ultra-deep wells 
containing potentially indigenous bitumen at present-day temperatures of 200 to 
300°C. Price's data alone would be sufficient evidence that higher hydrocarbons can 
survive temperatures experienced during low-grade metamorphism. However, his 
observations are not universally accepted and require critical discussion. 
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Table 1-1. Deep subsurface petrolewn reservoirs and bituminous source rocks existing at extreme 
present day temperatures. 
Location 
Word North field, South 
Texas; 4.1km depth 
Preservation 
Gas condensate; -3 wt% oil, 97% 
gas; -30my at peak temperature; 
Cwbiomarkers 
Elgin Field, North 
5.25km depth 
Sea; Oil reservoir; -60 wt% oil, 40% 
gas; II OObar reserv~i~ pressure 
Central Graben, North Sea 
Franklin Field, North Sea; 
5.3km depth 
Well C403, California; 3.2km 
depth 
Oil reservoir; -1c:?.M% oil, 30% 
gas; steranes and 'hopanes; no 
evidence for in-reservoir cracking 
Oil reservoir; -45 wt% oil, 55% 
gas; 1 090bar reservoir pressure 
Source rock; 1800- 3100ppmb C1s+ 
bitumen; TOC "' 2-5%; HI o:390 -
560c. H/C = 1.2; T max"' 440°Cd 
Sweetbome field, 
Texas; 4.1km depth 
South Gas condensate; -20 wt% oil, 80% 
gas; -30my at peak temperature; 
Cwbiomarkers 
Franklin Field, North Sea 
Well Mako-2, Hungary; 
Miocene; 4.8km depth 
Well KCL-A 72-4, Cali-
fornia; 6.4km depth 
Central Graben, North Sea 
Condensate containing 9% C1s+ 
and 32% C6-C15 hydrocarbons 
Oil reservoir; the deeper lying 
source rocks are at 21 0-215°C 
Source rock; 550 - 21 00ppm° C1s+ 
bitumen; HI "" 35 to 96 . T max "' 
440°~ . 
Source ,roe}cS: in petroleum 
generatiQP stage! 
·" Well Apex-1, 
6.3km depth 
California; Source rock; 1400ppmb C 1s+ 
bitumen; HI = 40 to 80c; R., = 
..!· 1.5% ": T max "'450°Cd 
Well McNair-1, California; 
6.9km depth 
Well Ralph-Lowe-1, Cali-
fornia; Carboniferous to 
Devonian; 7. 7km depth 
Well Foerster-1, California; 
Jurassic; 5.8km depth 
Well Bertha Rogers-1, Okla-
homa; Carboniferous to 
Cambrian; 9.6km depth 
Well Jacobs-1, Gulf of 
Mexico; Early Cretaceous; 
7.5km depth 
Source rock; 220 - 2600ppm° C15+ 
bitumen; HI up to 160c ; R., = 2.2 to 
2.7%0 
Source rock; 1400 - 3600ppmb C1s+ 
bitumen; HI "' 30-200c; R., "' 4.3%e: 
H/C"' 0.4 
Source rock; 400 - 830ppm° C1s+ 
bitumen; HI = 40-100c; R., = 4.4%• 
Source rock; -400ppm11 C1s+ 
bitumen at 8. 7km (230°C); HI = 
75c; H/C = 0.25 to 0.84; R., > 5.7%e 
Carbonate source rock; >100ppm0 
C1s+ bitumen; HI"' 40-110 (300?t; 
R., "' 7 .5"%; H/C = 0.3 to 0.6 
Temp. 
175°C 
tssoc 
195°C 
196°C 
198°C 
2oooc 
203°C 
208°C 
214°C 
220°C 
223°C 
226°C 
234°C 
238°C 
253°C 
296°C 
Reference 
(McNeil& 
BeMent, 1996) 
(Knott, 1999) 
(Pepper & Dodd, 
1995) 
(Knott, 1999) 
(Price, 1999; 
Price et a/. , 1999) 
(McNeil & 
BeMent, 1996) 
(Brigaud, l 998; 
Domine et a/., 
1998) 
(Sajg6, 2000) 
(Price, 1999; 
Price eta/., 1999) 
(Pepper & Dodd, 
1995) 
(Price, 1999; 
Price et a!., 1999) 
(Price, 1983) 
(Price, 1983; 
Price, 1993; Price, 
1997) 
(Price, 1983; 
Price, 1997) 
(Price, 1983; 
Price, 1997; Price 
eta~., 1981) 
(Price, 1982; 
Price, 1993; Price, 
1997) 
a) Present day reservoir or source rock temperature. b) ~per gram ofrock. c) Hydrogen index HI = 
mg hydrocarbons produced per gram ofTOC (total organic carbon) by ROCK EV AL pyrolysis of pre-
extracted rock powder. d) ROCK EV AL parameter. e) Vitrinite reflectance 
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The deepest 'source rocks' so far encountered were cuttings from 9.6km in well 
Bertha Rogers-1 (Oklahoma) which intersected Carboniferous to Cambrian strata 
(Price, 1983; Price, 1997; Price eta!., 1981). The present day temperature at 8.4km 
depth is 224°C and at 9.6km depth 253°C. The total organic carbon content (TOC = 
kerogen plus bitumen) is mostly low (0.2 to 0.4%) but has an excursion at 8.47kin to 
3.6% TOC. Vitrinite reflectance measurem~~ts at 8.4 to 8. 7km depth yielded high 
values CRo= 5.2 to 5.7%). ROCK EVAL meis11tements gave hydrogen indices (HI= 
mg hydrocarbons generated from kerogen per gram of TOC) of 50 to 150mg/g, 
values that are conventionally assigned to source rocks in the gas generation zone 
(Peters & Moldowan, 1993)·but that are still unusually high for these burial depths. 
Contrary to conventional predictions of organic matter preservation, solvent 
extraction of the kerogen-poor rocks at 8.7km depth yielded 390ppm Q..t.g per gram of 
rock) C1s+ bitumen and kerogen-rich samples from 8.47km yielded 3000ppm. 
However, the quality of the extract data is not convincing. Firstly, the analyzed 
samples were cuttings and the possibility of contamination by caving (introduction of 
rock chips into deeper samples that originated from shallower locations) was not 
satisfactorily addressed. ROCK EVAL data was possibly affected by nutshells that 
had been added to the drilling mud. Moreover, according to Price eta!. (1981) some 
.I . : 
rock chips were strongly contam,!pat~d with organic drilling mud or petroleum . 
. -~ 
Although these samples were discarded, the possibility remains that milder, but still 
significant, contadlination of other samples was simply not recognized. A strong 
argument for contamination is the absence of compositional changes in the bitumen 
with increasing depth over the drilling range (Price eta!., 1981). Moreover, although 
maturity data for the hydrocarbons were not provided, the methylphenanthrene 
distribution evident in a gas chromatogram for a sample from more than 9km depth 
(Figure 16 in Price, 1993) is characteristic of immature bitumen. 
The highest present day temperature (296°C) so far recorded for a pu~tive source 
rock was obtained from well Jacobs-1, Gulf of Mexico, at a depth of ~7.5km (Price, 
1982; Price, 1993; Price, 1997). The Cretaceous rocks at 6.4 to 7.5km depths are 
low-porosity, low-permeability carbonates with signs of heavy oil staining. The 
kerogen content of carbonates in this interval is low (0.2 to 1 %) with vitrinite 
reflectance of Ro = 4.6 to 7.5%. H/C ratios range from 0.3 to 0.6 and the hydrogen 
index, measured on pre-extracted rock powder, is 40 to 300mg/g. Solvent extraction 
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of the deepest and hottest samples yielded 130 to 230ppm C1s+ bitumen that is clearly 
not overmature. In contrast to Bertha Rogers-1, samples for Jacobs-1 were taken 
from core, and contamination from organic-based drilling fluids or caving was hence 
minimized. Moreover, an independent laboratory reproduced the results. According 
to ROCK EV AL measurements the hydrogen index of the deepest samples was 
between HI= 40 to 300mg/g. The higher HI values are consistent with a source rock 
within the oil generation window and apf)a;rently confirm the syngeneity of the 
extractable hydrocarbons. Hydrogen indices are usually reliable and unaffected by 
contamination when kerogen-rich samples from drillcore are measured. 
Unfortunately, the ROCK EVAL data for deeper samples from Jacobs-1 was only 
reported for kerogen-poor rocks (0.2 to 1% TOC) despite the fact that kerogen-rich 
samples (>2% TOC) were also present. Therefore, it is difficult to assess the 
reliability of these values. The same is true for the solvent extracts. Extract-yields for 
samples deeper than --4-km were only provided for kerogen-poor carbonates with 
extensive oil staining and not for any kerogen-rich samples. Moreover, although the 
hydrocarbon extracts from rocks at 296°C appeared, according to Price (1982), ' gas-
condensate-like', Figure 12 in Price (1993) suggests that this assessment was not 
correct. The chromatogram shows a hy~ocarbon profile with n-alkanes from C13 to 
>C3o, a maximum at n-C19 an_9: a~ pronounced unresolved complex mixture. 
·" 
Moreover, a bitumen maturity assessment based on biomarker data· and aromatic 
ratios was not provided. The claim that C15+ saturated hydrocarbons exist at present 
day temperatures of ~300°C in Jacobs- I is therefore not sufficiently supported by the 
available data. 
More recent publications· present more convincing data. Drillhole C403 in the 
Wilmington Field, LA Basin, cuts through apparently immature, kerogen-rich 
(TOC = 2 to 5%) source rocks at a depth of ~3.2km where present-day temperatures 
are up to 198°C (Price, 1999; Price et a/., 1999). Solvent extraction of. these rocks 
' 
yielded 1800 to 31 OOppm Cts+ bitumen of low or moderate maturity. The kerogen is 
clearly immature. RIC z 1.2 and ROCK EV AL analyses of pre-extracted rock 
powder yielded parameters consistent with source rocks at the onset of oil generation 
(Tmax = 430 to 440°C; HI = 390 to 560mg/g). Price suggested that main stage 
hydrocarbon generation in samples from C403 had not even commenced at present 
day temperatures of ~200°C. Although preservation of high quantities of C15+ 
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hydrocarbons at -200°C is firmly established (see discussion of hot reservoirs 
above), the claim that source rocks might even remain immature at these 
temperatures is certainly extraordinary. However, the bitumen composition is 
consistent with the ROCK EV AL data from the co-occurring kerogen, which is 
clearly indigenous. 
Data supporting the reliability of these ROCK EV AL measurements was collected 
from drillhole Apex-1, Los Angeles Basi1>-Here ROCK EV AL parameters S 1 
(concentration of free hydrocarbons), PI (production index) and Tmax all gradually 
increase with burial depth (Price, 1999; Price et a!., 1999). The I:ydrogen index 
increases from 100 to 300mg/g at burial temperatures of 40 to 140°C and then 
gradually decreases to 40 to 80mg/g at 6.3km depth and 223°C burial temperature. 
Vitrinite reflectance values gradually increase from --0.4% close to the surface to 
...... 2% at 6.3km depth. Solvent extracts from the deepest sample at a present day 
temperature of 223°C yielded 1370ppm bitumen (690ppm saturates, 220ppm 
aromatics, 290ppm polar compounds and 170ppm asphaltenes) including C30+ 
hydrocarbons. As ROCK EV AL parameters indicate kerogen maturities consistent 
with the preservation of higher hydrocarbo~, bitumen data from Apex-1 ~ppear to 
be reliable. J _··: 
' . 
.::;; -
The strongest c~e for the presetVation of indigenous bitumen preserved at great 
depth comes from.~drillhole KCL "A" 72-4 from the Paloma Field, Southern San 
Joaquin Valley Basin. Samples collected at a depth of 6.4 km and at a present day 
temperature of214°C had moderately high kerogen contents ( ...... 2%) and yielded 550 
to 2100ppm C1s+ bitumen with abundant CJO+ hydrocarbons (Price, 1999; Price et al., 
1999). The hydrogen index ranged from 35 to 150mg/g and Tmax from 440 to 450°C, 
indicating mature but not overmature kerogen. Although hydrocarbon maturity 
parameters have not been published for this drillcore, convincing evidence exists for 
increasing bitumen maturity with increasing burial depth, and therefore in favor of 
syngeneity (Fig. 8 in Price, 1999). Gas chromatograms of aromatic fractions 
extracted from samples collected at pres~nt day temperatures of 180 to 214 °C show a 
progressive increase in the maturity pattern of methylphenanthrenes. Moreover, the 
relative concentration of saturated hydrocarbons increases steadily from - 30% at 
60°C burial temperature to - 60% at 21 0°C, while the polar fraction decreases from 
-40 to - 10%. This is convincing evidence that the bitumen in drill core 
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KCL "A" 72-4 is indigenous. However, the accuracy of the temperature 
determination of 214°C at 6.4km depth remains uncertain. The temperatures were 
calculated using a geothermal gradient of 30.1 °C/km determined from shut-in and 
production temperatures within the basin (Price, 1999). However, modeling an 
unrealistically low geothermal gradient of 25°Cikm for the Paloma Field still 
produces a well bottom temperature > 180°C. So, even this extremely conservative 
. " 
estimate sets very optimistic limits for the-"~~~tence of moderately mature kerogens 
and bitumens. 
The preservation of commercial quantities of oil at reservoir temperatures of 200°C 
and the existence of immature to moderately mature bitumen in source rocks at 
temperatures of 200 to 220°C, though evidently real, are certainly not normal. Such 
excellent thermal preservation therefore requires exceptional conditions, several of 
which are outlined below. Some or all of these exceptional conditions might have 
prevailed in some Archean sedimentary basins. 
Favorable conditions for bitumen preservation 
The following factors have been recogtJ.i~ed as promoting hydrocarbon preservation 
at higher temperatures. ~ 
'·"' 
(1) Rapid heating ~caused by fast basin subsidence and/or high geothermal gradients 
can increase maximum temperatures for hydrocarbon preservation by up to 30°C 
(Waples, 2000). High sedimentation rates also probably account for the 
exceptional preservation of organic matter in the. Los Angeles Basin that was 
described by Price (Rullkotter, 1993). High heating rates might also be a crucial 
factor for hydrocarbon preservation in late Archean sedimentary · basins. For 
instance, in the Hamersley Basin Smith et a/. (1982) calculated an abnormally 
high geothermal gradient of 80 to 1 00°C/km for the upper 2.5km artd 40°C/km 
for deeper sequences. In comparison, the average present-day gradient is 
~30°C/km. Subsidence was possibly rapid due to extreme lithospheric stretching 
in the transition from rifting to active sea-floor spreading during deposition of the 
lower Hamersley Group (Blake & Barley, 1992). Sedimentation was possibly 
also rapid, though currently available geochronological techniques do not allow 
very accurate assessment of Archean accumulation rates. Nonetheless, some 
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dating suggests fast sedimentation in some parts of the lower Hamersley Group 
(Barley et al., 1997). 
(2) Increasing fluid or gas pressure potentially retards petroleum generation, 
biomarker maturation and hydrocarbon thermal degradation to a significant 
degree (Fang et a/., 1995; Lewan, 1997; Price & Wenger, 1992). High gas 
pressures might also have been a cru~i~l retardation factor in some Archean 
sedimentary basins. For instance, the'Fb~scue and Hamersley Groups contain 
thick sequences of undeformed, silicified, low-porosity, low-permeability shales 
with very high kerogen contents (partly >10%). These shales are regionally 
capped by thick sequences of undeformed and probably highly impermeable 
siliceous banded iron formation (BIF) that might have acted as a pressure seal. 
The combination of high burial temperatures, high kerogen contents, low 
porosities, low permeabilities and the presence of an excellent cap rock should 
have led to very high gas pressures in the source rocks during peak 
metamorphism. 
(3) The absence of catalysts that promote the degradation of hydrocarbons might be 
a crucial factor influencing petroleum preservation at high temperatures. Some 
organometallic complexes and ~~_t-~ve mineral surfaces have the capacity to 
. . 
induce hydrocarbon cracking?' at -significantly reduced temperatures (Mango, 
1990b; Mango & Elrod, 1999; Mango & Hightower, 1997; Mango eta!., 1994). 
J• 
Mango (1987) even argued that purely thermally induced, uncatalyzed cracking 
of higher hydrocarbons to gas was generally an insignificant process. As the 
catalytically active components responsible for hydrocarbon cracking in source 
rocks have not been identified, it is not possible at this stage to target Archean 
sediments where potential catalysts are absent. 
(4) Hydrocarbon degradation is strongly retarded and shifted to higher temperatures 
in the absence of sulfur-organic compounds which are know~ to initiate radical 
chain reactions (Lewan, 1998). If deeper waters in the Archean ocean were iron-
rich and sulfate-poor as recently s_uggested (Canfield et a/., 2000; Shen et a!., 
2001), then most free sulfur was probably rapidly removed as pyrite rather than 
remaining available for incorporation into organic matter. In such circumstances, 
sulfur-organic complexes might have been scarce, promoting hydrocarbon 
survival in late Archean sedimentary basins. 
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Hydrocarbon thermal stability: Conclusions 
The existence of deep subsurface oil reservoirs containing intact polycyclic saturated 
biomarkers indicates that higher hydrocarbons can persevere for geological periods 
of time at 200 to 210°C. Relatively immature to moderately mature kerogens and 
bitumens were detected in the rapidly subsiding Los Angeles Basin at present day 
temperatures of 200 to 223 oc. This suggests, that under ideal conditions, trace 
amounts of C1s+ hydrocarbons may be aei~ctable in sedimentary rocks heated to 
significantly higher temperatures (~250°). These values are consistent with current 
kinetic models. The thermal and temporal preservation potential of C1s+ 
hydrocarbons may therefore be consistent with the existence of traces of saturated 
hydrocarbons in Archean sedimentary rocks that were metamorphosed to prehnite-
pumpellyite facies at temperatures between 200 and 300°C. 
1. 7. Framework of the thesis 
Chapter 2 _outlines the geological context for the samples studied in this work. The 
regional geology and the metamorphi~ _history of the Pilbara basins are described and 
. . 
the stratigraphic relations of rele~t units are summarized. Chapter 3 discusses in 
detail the molecular and carbon isotopic composition and the thermal maturity of 
hydrocarbons extracted from late Archean rocks of the Mt Bruce Supergroup. To 
obtain information about syngeneity, the characteristics of the extracts are compared 
with the thermal and depositional history of their host rocks but are also considered 
in context of possible recent contamination or adulteration by younger migrated oil. 
Assuming an Archean age, Chapter 4 uses the biomarker data from Chapter 3 to 
reconstruct the late Archean biosphere and to obtain information about the 
atmosphere. Aromatic hydrocarbons extracted from shales of the Ham~rsley Group 
are discussed in detail in Chapter 5. The host shales of these bitumens are closely 
associated with giant iron ore deposits at Mt Tom Price and Mt Whaleback. Possible 
connections between ore formation in the deposits and bitumen alteration in the 
shales are discussed. To obtain further information about syngeneity, Chapter 6 
describes hydropyrolysis experiments on Archean kerogens and compares the 
products with the bitumens. Chapter 7 reports complex concentration gradients of 
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hydrocarbons detected in Archean drillcore samples and discusses the implications 
for hydrocarbon syngeneity. Chapter 8 describes hydrocarbons of uncertain affinity 
from various early to late Archean rocks from the Pilbara region. Chapter 9 
concludes the thesis with a summary of the most important findings, and an outlook 
on future work Appendix I contains information about sample collection methods 
for organic geochemical trace analyses and Appendix II describes the experimental 
. " 
methods. Compound abbreviations use~ ..... 'Tables and Figures, and chemical 
structures are summarized on fold-out pages at the back. 
,.;;; . 
.... 
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2. Geological Setting and Samples 
2.1. Regional Geology of the Pilbara 
The Archean Pilbara Craton is exposed over an area of~ 180,000km2 in the northwest 
___ .,. ' 
ofWestem Australia (Fig. 2-1) and has an age'"of3.52 to 2.45Ga (Barley eta/., 1997; 
Buick et al., 1995). The craton comprises a 3.5Ga (Buick et al., 1995) to 2.85Ga 
(Krapez, 1993) granitoid-greenstone basement (Pilbara Supergroup) cropping out 
over an area of 60,000km2 (Buick & Dunlop, 1990), which is unconformably 
overlain by the ~2.78 to 2.45Ga late Archean volcano-sedimentary Mount Bruce 
Supergroup with an outcrop area of ~100,000km2• Both basement and the overlying 
rocks are generally characterized by exceptionally low metamorphic grades for their 
age (Smith et a/., 1982) which in many areas are coupled with minimal deformation. 
The margins of the craton to the east and west are covered by Phanerozoic deposits 
of the Canning and Carnarvon Basins and in the south by the Paleoproterozoic 
Wyloo Group and younger Proterozoic successions. Craton boundaries to the south 
are defmed by the Capricorn Orog~I).- ·and to the east by the Paterson Orogen 
(Hickman, 1983). .;?· 
.!• 
2.2. Pilbara Supergroup 
The granitoid-greenstone basement (Pilbara Supergroup) comprises ovoid granitoid-
gneiss domes surrounded by volcano-sedimentary synclinoria with mainly low 
internal strain and often metamorphosed to grades not higher than prehnite-
pumpellyite to greenschist facies (Buick et al., 1995; Krapez, 1993) .. The oldest 
stratigraphic unit so far recognized in the Supergroup is the 3.515Ga volcano-
sedimentary Coonterunah Group, which has a maximum preserved thickness of 
6.5km (Buick et al., 1995; van Kranendonk, 2000). The Coonterunah Group is 
unconformably overlain by the 3.47Ga Warrawoona Group, which has a minimum 
reconstructed thickness of 1 Okm, consisting predominantly of mafic igneous rocks 
intercalated with numerous silicified sedimentary units (Buick & Dunlop, 1990). The 
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Warrawoona Group is apparently unconformably overlain by the predominantly 
volcanic Sulphur Springs Group (3.238 to 3.235Ga; Buick eta/., submitted), which is 
in turn disconformably overlain by the Gorge Creek Group (van Kranendonk, 2000). 
The Gorge Creek Group consists mainly of clastic sediments and banded iron 
formation (BIF), and has been subdivided into five formations (Table 2-1). The third 
unit, Paddy Market Formation, is dominated on the surface by thinly bedded 
cherty BIF and ferruginous shale (s4ies' Cor2-5) with minor siltstone and 
sandstone (Cor] and 6). In drill-core, however, these rocks are unsilicified and not 
ferruginized. Sedimentation occurred in a turbiditic marine environment, in deeper 
water well below wave base, on a slope in a back-arc basin (Thomas, 1997). In the 
Sulphur Springs area, metamorphic grades are in the prehnite-pumpellyite facies and 
rocks are locally only tilted (Veamcombe eta/., 1998). The Gorge Creek Group is 
unconformably overlain by the predominantly sedimentary 2.95Ga De Grey Group 
(Wingate, 1999) and the 2.99Ga volcano-sedimentary Whim Creek Group. 
Deposition of the Pilbara basement had ceased by 2.85Ga (Krapez, 1993) . 
. ,;;; 
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Figure 2-1. Regional geology of the Pilbara Craton, Western Australia. The metamorphic zones Zl tQ 
Z4 refer to burial metamorphic grades of the Fortescue Group (Smith eta/., 1982). ~ ~ = prehnite-
purnpellyite zone, Z2 = prehnite-pumpellyite-epidote zone, Z3 = prehnite-pumpellyite-epidote-
actinolite zone, Z4 = (prehnite)-epidote-actinolite zone (lower greenschist facies). AB refers to the 
cross-section in Fig. 2-2. Map modified after~- Buick (unpublished). 
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Table 2-1. Simplified stratigraphy of the Pilbara Craton and surrounding areas. Geochronological data 
is in million-years (Ma) based on references cited in the text. * Units analyzed in this study. 
Formation (Fm} 
Ashburton Fm 
June Hill Volcanics 
Duck Creek Dolomite * 
u Wyloo Group Mt McGmth Fm 
·- Wooly..atftootite 0 
N Cheela Springs Basalt 0 
Beasley River Quartzite '-Q) 
Turee Creek ......, 
0 Group 
"-c. Boolgeeda Iron Fm 0 c.. Woongarra Volcanics Q) 
-
::::J WeeliWolli Fm co 0 
D.. a-C) 
Brockman Iron Fm a-
Q) Hamersley 
c.. 
::::J Group Mt McRae Shale * 
-------· tJ) 
Mt Sylvia Fm Q) 
Wittenoom Dolomite (.) 
~ 
a- Marra Mamba Iron Fm £D 
...... 
c Jeerinah Fm ;::, 
· o Maddina Basalt * 
:!E Fortescue 
..:. Tu01biana Fm * Group 
'" Kylena Basalt 
Hardey Fm * 
.- Mount Roe Basalt * 
c: De Grey 
co Group Q) 
Whim Creek .c 
u Group 
"-
< Pyramid Hill Fm c.. 
Honeyeater Basalt ::J Gorge Creek ('OS 0 Paddy Market Fm * ~ · ~- Group Corboy Fm 
.c21 
=(I) Pincunah Hill Fm 
a.. c.. Sulphur Springs ~ 
C/) Group 
Warrawoona 
Group 
Coonterunah 
Group 
--
Member(Mm) 
Yandicoogina Shale 
Joffre Mm 
Whaleback Shale * 
Dales Gorge Mm * 
Mt Newman Mm 
Mcleod Mm * 
Namuldl Mm * 
Roy Hill Shale * 
Warrie Mm * 
. 
-~ 
J 
Age 
1843 ±2 
2209 ±15 
2449 ±3 
2470 ±4 
2561 ± 8 
2597± 5 
2690± 16 
2715 ± 2 
2718 ± 2 
2724±5 
2741 ± 3 
2765±4 
2775 ± 10 
2990 
2950 
3238±3 
3472 
3515 ± 3 
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2.3. Mount Bruce Supergroup 
After cratonization, the granitoid-greenstone basement was unconformably overlain 
by the volcano-sedimentary Mt Bruce Supergroup (Fortescue Group, Hamersley 
Group and Turee Creek Group). It has a maximum thickness of 6.5km and an age of 
2.775Ga to 2.449Ga (Arndt et al., 1991; Barley eta/., 1997) . 
• yt( .. ·' 
2.3.1. Fortescue Group 
Deposition of the Fortescue Group with dominantly volcanogenic and clastic rocks 
was initiated at about 2.775Ga (Arndt et al., 1991). Four major depositional sub-
basins have been distinguished: the West Pilbara Basin, . the Marble Bar basin, the 
East Pilbara basin and the South-West basin (Blake, 1993). The group has been 
lithostratigraphically divided into six formations: the basal Mount Roe Basalt, 
Hardey Formation, Kylena Basalt, Tumbiana Formation, Maddina Basalt and the 
Jeerinah Formation (Table 2-1). However, stratigraphic relationships are in reality 
more complex than indicated in this somewhat simplistic scheme, with many 
unconformity bounded units devel9fed5Blake, 1993; Blake & Barley, 1992). In this 
thesis, the simpler scheme will b; employed because it is more widely known. In 
general, deposition of all but the topmost Jeerinah Formation was non-marine in the 
northern part of the Craton, but was entirely marine in the southern part. The tectonic 
setting for deposition was epicratonic, in half-grabens formed during two stages of 
rifting (Blake, 1984). Interspersed with episodes of sedimentation were large 
effusions of flood basalts, occurring in at least six geochemically distinct events 
(Blake, 2001 ). 
The base of the Mount Roe Basalt in the Marble Bar sub-basin has up to 700m of 
' 
coarse grained quartzo-feldspathic sandstones, pebble- to boulder-conglomerates and 
thin beds of kerogenous mudstone (samples TQPJ-4). This clastic unit, evidently 
deposited in a fluvio-lacustrine setting, is overlain by up to 2500m subaerial 
amygdaloidal tholeiitic basalt (TQP5) (Blake, 1993). The onset of the deposition of 
the Mount Roe Basalt is constrained by a U-Pb in zircon age of 2.775Ga (Arndt et 
al., 1991). The predominantly sedimentary Hardey Formation unconformably 
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overlies the Mount Roe Basalt. In the West Pilbara sub-basin, where the WRL-1 and 
SV-1 holes are located, the lower section of the Hardey Formation, up to 1500m 
thick, is dominated by terrigenous and volcanoclastic sedimentary rocks and 
reworked tuff with minor basalt. This sequence is overlain by a complex sedimentary 
unit with 100 to 250m of mudstones (sample Harl: Langwell Creek Sequence 
(Blake, 1993) below the Lyre Creek Agglomerate Member), sandstones and 
conglomerates interbedded with abund~ff horizons. The upper section includes 
up to lOOOm of felsic pyroclastic rocks. The Hardey Formation has a U-Pb in zircon 
age of 2.765Ga and was deposited in a fluvial environment (Blake eta!., in prep.). 
The Kylena Basalt, with an age of 2.741 to 2.724Ga (Blake eta!., in prep.), consists 
predominantly of subaerial or subaqueous basalts. The unconformably overlying 
Tumbiana Formation has a thickness of up to 320m. In the West Pilbara sub-basin 
it is dominated by sedimentary rocks intercalated with massive or brecciated basalt. 
The sedimentary succession is mostly comprised of pyroclastic and reworked tuff 
and also contains subordinate, stromatolitic carbonate, terrigenous sandstone and 
massive kerogenous mudstone (Tuml) (Buick, 1992). The sedimentary succession 
was probably deposited in alluvial fan settings and fluvial and lacustrine 
environments which were frequently evaporitic and desiccated (Buick, 1992). The 
lower Tumbiana Formation has a · u::pb in zircon age of 2. 724Ga (Blake et a!., in 
.::;; -
prep.). The Ma.ddina Basalt, typically less than lOOOm thick on the northern part of 
the craton, contains mainly subaerial flow basalt (Madl) and subordinate tuff, 
sandstone and mudstone. SHRIMP U-Pb in zircon ages for the Maddina Basalt are 
2.718 and 2.715Ga (Blake et al., in prep.). The sedimentary Jeerinah Formation 
unconformably overlies the Maddina Basalt (Gressier, 1996) and is subdivided into 
the Warrie Member and the Roy Hill Shale. In drillcore WRL-1 the Warrie 
Member has a total thickness of - 64m. The basal unit is a - 1m thick, massive and 
homogenous silicified kerogenous mudstone (Warl) followed by interbedded units 
of moderately pyritic and highly kerogenous massive mudstone (War2 and 5), graded 
or rippled sandstone and siltstone, green and translucent plane-bedded chert, tuff and 
calcarenite. Based on ripple mark mQrphology, Gressier (1996) suggested that the 
Warrie Member was deposited in a shallow marine environment. The Roy Hill Shale 
Member is, according to Gressier (1996), distinguished from the unconformably 
underlying Warrie Member by a lower content of carbonates and a higher content of 
sulfides. The Roy Hill Shale in drillcore WRL-1 has a thickness of 37m and is 
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overwhelmingly dominated (97%) by kerogenous to highly kerogenous, massive to 
weakly plane-laminated mudstones containing abundant pyrite laminae and chert 
pods (Royl-14). The mudstones are occasionally interbedded with tuff argillite or 
tuff arenite. 85% ofthe Roy Hill Shale in WRL-1 is somewhat silicified, so the chert 
is probably authigenic. Based on the absence of bed-forms, Gressier (1996) 
suggested that the Roy Hill Shale was deposited in a marine low-energy environment 
.. 
below storm .wave base (>200m in rntfd~m oceans). The lowermost Jeerinah 
Formation has a U-Pb in zircon age of2.715Ga (Blake eta/., in prep.). A tuffaceous 
band, probably located within the Roy Hill Shale, was dated at 2.69Ga (Arndt eta/., 
1991). Over 1 to 4m, the Roy Hill Shale conformably grades into the overlying 
Hamersley Group, a transition marked by a gradual decrease in shale units and an 
increase in chert bands. 
2.3.2. Hamersley Group 
The Hamersley Group is up to 2.5km thick and is dominated by oxide facies BIF, 
dolostone and shale. BIF deposition extends over an area of at least 60,000km2 with 
remarkable lateral stratigraphic cop.tinUlty. Coarse terrigenous clastic sediments are 
.. . 
almost completely absent (Morrii,' 1993). The Hamersley Group is also host to some 
of the world's bj_ggest iron ore deposits. Samples from the Mt McRae Shale and 
Brockman Iron Formation were collected from shale closely associated or 
interbedded with giant iron deposits in mines at Tom Price and Newman. Processes 
of ore formation and the interaction of ore forming fluids with organic matter are 
discussed in more detail in Chapter 6. 
The Hamersley Group has been lithostratigraphically divided into eight formations 
(Table 2-1). The 2.597Ga Marra Mamba Iron Formation (Trendall eta/., 1998) 
has a maximum regional thickness of 230m (Klein & Gole, 1981) and co'nsists of two 
BIF -rich members separated by a more shaley sequence. The basal N amuldi 
Member is predominantly composed of coarsely podded, thick bands of sulfidic and 
oxidic chert-BIF interbedded or interlaminated with bands of massive mudstone 
(Maml and 2) (Morris, 1993). The mudstones are kerogenous and ferruginous, and 
contain high concentrations of pyrite, pyrrhotite, hematite (Gressier, 1996) and 
siderite. The overlying McLeod Member is characterized by a higher proportion of 
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shale. Shale bands are of centimeter to meter thickness and their mineralogy is 
dominated by stilpnomelane and chlorite (Mam3) (Morris, 1993). In the overlying 
Mt Newman Member, oxide-facies BIF deposition was interspersed with phases of 
limestone precipitation. The limestone is partly dolomitized and the dolomite has a 
high iron content tending towards ankerite. Most shales of the Marra Mamba Iron 
Formation are anomalously high in iron and probably formed by a combination of 
chemical and pyroclastic deposition (Moms,_. 'i 993). The depositional conditions of 
BIF formation and the mechanisms of chert and iron precipitation are controversial. 
One popular model suggests evaporative chert precipitation from silica-rich surface 
waters which mixed along a chemocline with upwelling, iron-rich fluids ultimately 
derived from mid-oceanic ridges (Morris, 1993). Oxidative iron precipitation was 
then mediated either by photolytically or photosynthetically generated oxygen. 
Morris (1993) further suggested that the BIF of the Marra Mamba Iron Formation 
was deposited on either side of a narrow carbonate bank, which grew into a major 
shallow carbonate platform during formation of the upper Marra Mamba Formation 
and the conformably overlying Wittenoom Dolomite. 
The Wittenoom Dolomite has a maximum thiclmess of 730m (Simonson et a/., 
1993). It consists largely of doloston~ .interbedded with subordinate BIF near the 
base, chert and tuffaceous shale .. .An i.J:pb age of 2.561Ga has been determined for 
.~ 
the uppermost unit of the Wittenoom Dolomite (Bee Gorge Member) (Trendall eta/., 
1998). The Mt Sylvia Formation is - 30m thick and in outcrop readily recognized by 
an upper, -8m thick massive BIF unit ('Bruno's band') (Harmsworth et a/., 1990). 
Underlying beds are predominantly BIF interlayered with chert and shale. The 
overlying Mt McRae Shale has an average thiclmess of 50m. The lower 15m 
contain massive, highly kerogen-rich black shale with an increasing pyrite content 
towards the top that is interbedded with chert (Harmsworth et a!., 1990). The 
following 10 to 15m of alternating chert and kerogenous shale are highly pyritic, 
. 
including pyrite nodules with a diameter of up to 20mm. The zone terminates with 
two bands up to 20cm thick of almost massive pyrite overlain by - 1Om of non-pyritic 
black shale. The top unit of the Mt McRae Shale, the Colonial Chert Member, is 
characterized by several meters of BIF macrobands and ferruginous chert 
interbedded with shale. The very fine grained, massive to plane laminated black 
shales (Beel, Rael-6) are highly kerogenous and have varying contents of quartz, 
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muscovite, illite, chlorite, dolomite, pyrite, hematite and magnetite (Kakegawa et al., 
1999; see also Table 2-3). The shales probably had a distal northerly source, but it is 
currently unclear whether clastic material was volcanic or terrigenous (Morris, 
1993). However, the depositional environment might have been hemipelagic. The 
age of the Mt McRae Shale is bracketed by U-Pb dates of 2.56Ga for the upper 
Wittenoom Dolomite {Trendall eta/., 1998) and 2.49Ga for the lower Brockman Iron 
Formation (Compston et al., 1981). The M( '¥cRae Shale grades into the overlying 
Brockman Iron Formation where BIF contents increase (Harmsworth et al., 1990). 
The Brockman Iron Formation consists of several hundred meters (620m at Tom 
Price and 500m at Newman) of alternating BIF, chert, shale, dolomite and fme tuff 
(Harmsworth et al., 1990). Deposition occurred around 2.47Ga on a clastic-starved 
open platform or shelf with normal open oceanic circulation. BIF was probably 
precipitated in a gradually subsiding back-arc continental setting (Blake & Barley, 
1992). The Brockman Iron Formation has been subdivided into four members. The 
Dales Gorge Member with an approximate thickness of 150m consists of seventeen 
cycles of oxide facies BIF-macrobands (Da/2) and sixteen S-macrobands that are 
dominated by chert, carbonate and silicate BIF. The S-macrobands may have formed 
when the continuous silica and iron precipitation was influenced by cycles of 
increased pyroclastic input (Morrjs, 'f993). The S macrobands comprise 40-45% 
..... . 
.... 
shale (Da/1) in layers ranging from a few centimeters to up to 2m. The shales are 
very fine grained and massive with mostly gray or green color and varying 
concentrations of kerogen. They predominantly contain stilpnomelane and chlorite 
and varying amounts of quartz, feldspars, micas and sulfides. The shale probably 
formed by a combination of chemical precipitation and input of volcanic ash. Clear 
evidence of a terrigenous clastic contribution does not exist (Morris & Horwitz, 
1983). 
The overlying ~50m thick Whaleback Member might be described as a more iron-
poor variant of S macro bands. It contains alternating bands where shale (Wall and 2) 
or BIF and chert is predominant. In comparison to the Dales Gorge Member, shales 
have higher kerogen contents, less stilpnomelane and contain prominent, sulfide-rich 
layers (Morris, 1993). Thickness data for the Whaleback Member suggests that the 
shale had its source to the north of the Hamersley Basin (McConchie, 1984). The 
Joffre Member, with a thickness of ~360m, is dominated by massive BIF with minor, 
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centimeter-scale layers of shale. The Yandicoogina Member contains ---60m of 
interbedded chert and shale (Harmsworth et a!., 1990). The Brockman Iron 
Formation is overlain by the Weeli Wolli Formation, consisting of BIF, shale and 
dolerite, the rhyolitic Woongarra Volcanics with an age of 2.449Ga (Barley eta/., 
1997) and the Boolgeeda Iron Formation containing BIF, chert and shale. 
2.3.3. Turee Creek Group 
:f. ' ·~ -~ 
The Turee Creek Group, the youngest unit in the Mount Bruce Supergroup, marks a 
-
major depositional change from pyroclastic and chemical sedimentation in the 
Hamersley Group to a regime dominated by clastic sediments. The Turee Creek 
Group was not sampled in this study. 
2.4. Wyloo Group 
The Wyloo Group is in unconformable contact with rocks of the Mount Bruce 
Supergroup at the southern mar~in:. · of the craton (Fig. 2-1). It consists of 
lithologically varied clastic and c~mi~~l sediments with minor intercalated volcanic 
sequences and is 10 to 12km thick (Harmsworth eta!., 1990). The Cheela Springs 
;-~ 
Basalt in the lower Wyloo Group has been dated at 2.209Ga and the June Hill 
Volcanics in the upper Wyloo Group at 1.843Ga (Martinet al., 1998). The June Hill 
Volcanics overlie the Duck Creek Dolomite. This unit consists of 300 to 1 OOOm of 
dolostone with minor intercalations of siliciclastic sediments (Duel), chert and acidic 
volcanics (Harmsworth et a!., 1990). Dolostone is either massive with columnar, 
domal or asperiform stromatolites in some areas, indicating deposition in shallow 
water, or thin-bedded with millimeter- to centimeter-scale, plane laminae and 
occasionally centimeter-scale cross-laminations (Knoll eta!., 1988). Early diagenetic 
chert occurs as thick up to 1 Ocm bands or as nodules. Filamentous, 
' 
cyanobacteriomorph microfossils were reported in this unit from discontinuous chert 
bands in ferruginous dolomite (Knoll eta!., 1988). 
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2.5. Regional metamorphism and structural deformation of the 
Hamersley Basin 
The southern margin of the Hamersley Basin was deformed as a part of a foreland 
fold-and-thrust belt during oblique continent-continent collision with the Yilgarn 
craton 2.3 to 2 .2Ga ago (Opthalmian Orogeny) and during Capricorn orogenesis 
_,.¢( . ' 
between 1.82 and 1.65Ga (Harmsworth et a1., 1990; Martin et a/., 1998; Oliver & 
Dickens, 1999). As a result, the supracrustal rocks of the Mount Bruce Supergroup 
are now regionally folded into a east-west trending synclinorium. The northern part 
of the Basin dips gently to the south (5 to 1 0°) and the area directly south of the 
synclinoria} axis dips gently to the north. Folding increases in intensity further 
towards the south. However, schistosity and cleavage only become conspicuous 
close to the southernmost margin of the basin (Smith et a/., 1982). ·Samples studied 
in this work have undergone only minimal deformation, except for those from 
Newman. 
Burial metamorphism of the Fortescue and Hamersley Group was initiated by 
deposition of the Turee Creek Group and Wyloo Group, which dominantly occurred 
in the southern part of the basin (Martin et a/., 1998). Smith et a/. (1982) defined 
~-... .. 
four metamorphic zones ·for the Mount Bruce Supergroup based on varying 
assemblages of.;. the minerals prehnite, pumpellyite, epidote and actinolite in 
metabasic rocks of the Fortescue Group (basalts and andesites and their pyroclastic 
equivalents). Rocks with the mildest thermal history (Zone I) are characterized by 
prehnite and pumpellyite, Zone II by, prehnite-pumpellyite-epidote, Zone III by 
prehnite-pumpellyite-epidote-actinolite and Zone IV by (prehnite)-epidote-actinolite. 
Zone I and II together are also referred to as prehnite-pumpellyite facies , Zone III as 
prehnite-actinolite facies and Zone IV as lower greenschist facies (Smith et a/., 
1982). The temperatures responsible for generation of the mineral assemblages of the 
four zones are poorly constrained . (Smith et a/., 1982) estimated 100 to 300°C for 
Zones I and II and 300 to 360°C for _Zone III. Subsequent work has suggested that 
prehnite-pumpellyite assemblages frrst develop at around 200°C (Spear, 1995.). 
The regional distribution of the four metamorphic zones in the Fortescue Group is 
illustrated in Fig. 2-1 . The grade of metamorphism increases towards the so~th, 
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caused by burial under an increasing load of Proterozoic cover (Fig. 2-2 and Smith et 
a!., 1982). As suitable rock types for the study of lowest grade metamorphism are 
absent from the Hamersley Group, the zone boundaries in Fig. 2-1 exclusively refer 
to the Fortescue Group. However, metamorphic grades of the overlying Hamersley 
Group can be roughly determined by extrapolation of estimated temperature 
gradients to shallower burial depths, according to Fig. 2-2. Hence, inferred regional 
. . 
metamorphic grades for locations where ~c geochemical samples were collected 
are summarized in Table 2-2. It is likely that all samples have undergone regional 
metamorphism below greenschist facies. However, it is possible that the thermal 
history of some samples has been complicated by unrecognized heating events such 
as widespread hydrothermal activity or local volcanic intrusions (Barley et al., 1999). 
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Figure 2-2. Reconstructed unfolded cross-section along AB in Fig. 2-1. Z1 to Z4 refer to the 
metamorphic zones. Units are: 1 = Archean basement, 2 = Fortescue Group, 3 = Hamersley Group, 
4 :::: present Turee Creek Group, 5 = assumed original thickness of Turee Creek Group, 6 = assumed 
additional Proterozoic cover. Circles, triangles and squares refer to sites where samples for the 
analysis of metamorphic minerals were collected (Smith eta/., 1982). Modified after Fig. 3 in Smith 
et a/. ( 1982). 
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Table 2-2. Regional metamorphic grades for sample locations in the Pilbara Craton determined from 
Smith eta!. (1982) and Veamcombe et al. (1995). 
Sample location or wen• Formations Zoneb 
Amphitheatre Pit Duck Creek Dolomite (Wyloo Group) Zone I 
SV-1 Tumbiana Fm (Fortescue Group) Zone I-II 
Tassie Queen Gold Mine Mt Roe Basalt (Fortescue Group) Zone I-ll 
WRL-1 Marra Mamba Iron F.m (Hamersley Group) Zones I to II 
to Hardey Fm (Fs>~S~Qe Group) 
Tom Price Mt McRae Shale to Brockman Iron Fm Zone II-III 
(Hamersley Group) 
Newman Mt McRae Shale to Brockman Iron Fm Zone 11-IIl 
(Hamersley Group) 
Sulphur Springs (SSD-51) Paddy Market Fm (Gorge Creek Group) Prehnite-pumpellyite 
facies 
FVG-1 Jeerinah Fm (Fortescue Group) Zone III 
a) See Figure 2-1. b) Zone I= prehnite-pumpellyite zone; Zone II = prehnite-pumpellyite-epidote 
zone; Zone III = prehnite-pumpellyite-epidote-actinolite zone. 
,,, 
........ 
.... 
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2.6. Samples 
XRD data on mineralogy for selected samples are compiled in Table 2-3. Sample 
stratigraphy, location and/or drill core name, lithology and bulk rock characteristics 
are summarized in Table 2-4. 
. . ..;( .. · ' 
Table 2-3. XRD-data of selected rock samples. 
Sample 
Duel 
Dall 
Rael 
Rae2 
Rae6 
Beet 
Wal2 
Rae3 
RaeS 
Maml 
Royl 
Roy2 
RoyS 
Roy4 
Roy6 
Roy3 
War2 
XRD-Approximate mineral composition 
58% quartz , 33% muscovite, 3% pyrite, I% hematite, greigite? 
88% chlorite, <1% pyrite 
60% chlorite, 24% quartz, 10% dolomite, <1% pyrite, <1% magnetite 
36% quartz, 28% muscovite, 18% dickite?, 4% hematite, 3% magnetite, 2% pyrite 
31% dickite?, 20% chlorite, 16% hematite, 7% pyrite, 5% magnetite 
38% quartz, 34% chlorite, 16% muscovite, 3% pyrite 
68% quartz, 8% hematite, 8% kaolinite, 1% magnetite 
40% quartz, 34% pyrite, 15% muscovite, 9% kaolinite, 2% chlorite 
90% chlorite, 4% kaolinite 
siderite, quartz, sepiolite 
quartz, feldspar, pyrite, chlorite, illite 
~uartz, feldspar, pyrite, chlorite, illite 
quarz, possible feldspar, illite, chlo~ite 
dolomite, pyrite, quartz, chlorite-r iilite 
dolomite, quarz /!· . 
quartz, feldspar, pyrite, chlorite, illite 
quartz, ~alcite, chlorite, illite 
a) Mineral components are ordered by decreasing relative abundance. Percentages are approximate. 
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Table 2-4. Sample details. 
Sample Formation or Location or well Depth [m] Lithology TOC' web Mass' Rock i.d. / sample 
member [%] [g) provided bl 
Wyloo Group 
Duel Duck Creek Fm Amphitheatre Pit - Dark gray massive mudstone 5.1 110.1 99072/RB 
I 
Hamersley Group 
Mt Tom Price Mine (fom Price) 
Dall Dales Gorge Mm DE20n4 350.30-350.65 Darlc gray chloritic mudstone 1.3 119.5 99067/ RB 
Dal2 Dales Gorge Mm 01185-81 269.03.-269.15 Finely plane-laminated BlF 0.0 100 99048/RB 
Rael Mt McRae Shale G l l85-81 324.87-325.05 Massive silicified black kerogenous mudstone 5.8 81.2 99050/ RB 
Rae2 Mt McRae Shale 826-7 140.75-141.05 Massive soft black shale 6.0 100 99057/ RB 
Rae6 Mt McRae Shale Mine sample 
-
Plane-laminatld;bl.ack shale; hematite; pyrite 110.4 800003/ JB 
Beet Mt McRae Shale G906 418.90-419.20 Massive black kerogenous mudstone, no pyrite 7.8 112.6 99063 / RB 
I . 
Mt Whaleback Mine (Newman) 
' Wal2 Whaleback Mm DDH257 48.9 Dark gray rock powder from kerogenous shale \._ .. 25. 1 AW24 / AW 
Rae3 Mt McRae Shale Mine sample 
-
Weakly plane laminated black shale; abundant 2cm pyrite nodules 5.3 120 071 19801741273M4 / RB 
RacS Mt McRae Shale DDH324 139.7 Deep-black rock powder from chloritic, highly kerogenous shale ; 13 AWI8/AW 
Wittenoom 
Wall Whaleback Mm DDH47A 256.7 Medium to light gray rock powder from shale; kerogen-poor 25.2 47W6 / AW 
Rae4 Mt McRae Shale DDH47A 397.7 Greenish light gray rock powder from shale; kerogen-poor 30 4745 / AW 
Mam3 McLeodMm WRL-1 581.17-581-21 Light to medium gray mudstone; surficially weathered black 0.0 125 99011/RB 
Mam2 NarnuldiMm WRL-1 644.50-644.55 Plane-laminated black mudstone 2 .7 94.2 990J6c/ RB 
MarnJ Namuldi Mm WRL-1 665.28-665.39 Sideritic dark brown mudstone 2.6 0.13 80.2 9611 I I I JG 
Fortescue Group 
Royl Roy Hill Shale Mrn WRL-1 679.39 Partly silicified, weakly plane-laminated pyritic black shale 7.4 0.16 105 961108/JG 
RoylO Roy Hill Shale Mm WRL-1 679.94-680.00 Partly silicified, weakly plane-laminated pyritic black shale 3.7 114.6 99019/ RB 
Roy2 Roy Hill Shale Mrn WRL-1 681.69-68 I. 90 Partly silicified, weakly plane-laminated pyritic black shale 8.6 0.17 71 96JI07 / JG 
RoyJ4a-d Roy Hill Shale Mrn WRL-1 682.06-682.08 Partly silicified, weakly plane-laminated black shale, i-are I em pyrite lenses 1:23.8 99020 / RB 
,J:>. 
0 
~ 
-
Table 2-4. cont. 
Formation or TOe" HIC Mass< Rock i.d. I sample Sample 
member 
Location or well Depth [m) Lithology [%] [g) pruvidcd by4 
Fortescue Group (cont.) 
Royll Roy Hill Shale Mm WRL-1 695.75-695.80 Partly silicified, weakly plane-laminated pyritic black shale 11.4 101.2 9902ld/R8 
RoyS Roy Hill Shale Mm WRL-1 696.920-696.922 2mm layer of fissile black shale in contact with sample Roy4 2.1 96Jl05/JG 
Roy4 Roy Hill Shale Mm WRL-1 696.92-696.94 Muddy tuffaceous pyrite-quartz arenite; dolomite cement 6.7 961105/JG 
Roy6 Roy Hill Shale Mm WRL-1 709.59-709.61 Fibrous vein dolomite, 2cm vein parallel to bedding 0.58? 21.4 96JIOI/ JG 
Roy3 Roy Hill Shale Mm WRL-1 718.07-718.23 Partly silicified, weakly p lane-laminated pyritic black shale 9.0 0.7? 95.5 96J097/ JG 
WarS Warrie Mm WRL-1 741.94-742.01 Partly silicified, weakly plane-laminated pyritic black shale 6.9 107.9 99023/ RB 
Wart WarrieMm WRL-1 777.86 Massive black chert 0.5 149.2 961072/ JG 
Madt Maddina Basalt WRL-1 780.5 1-780.65 Medium gray amygdaloidal basalt 0.0 48.5 9610691 JG 
Harl Hardey Fm WRL-1 1824.34-1824.40 Dark-gray silt)' shale; two lcm pyrite nodules 1.6 95 99025/RB 
FVGI Roy Hill Shale Mm FVG-1 756.04-756.14 Weathered bta'df shale, brittle, strongly fractured; pyrite oxidized 9.4 109.9 99033/ RB 
FVG2 WarrieMm 1 FVG-1 860.15-860.25 Dark gray silty mucl.stone; weathered, strongly fractured 1.5 100 99035/RB 
I ' 
War2 WarrieMm Outcrop near Christmas Creek Dark gray shale • 1.3 145.1 96005/RB 
T uml TumbianaFm SV-1 115.02-1 I 5.08 Massive to weakly plane-laminated black kerogenous mudstone; 20% pyrite 0.9 ' i._ .. 100.0 99040/RB 
TQPI MtRoeFm Tassie Queen Gold Mine (Fig. 8-2) Dark gray, highly fissile silty shale; collected from mine wall 0.5 
'• 
150.2 898028b / JB 
TQP2 MtRoeFm Tassie Q ueen Gold Mine ~7mm thick layer of red, massive siltstone; collected from mine wall <0.2 ~ 76.5 B98028a/ JB 
TQP3 MtRoeFm Tassie Queen Gold Mine Medium gray massive sbaly siltstone; collected from mine wall 0.4 150.0 898025/ JB 
TQP4 MtRoeFm Tassie Queen Gold Mine Massive gravely silty mudstone; center of a I m block in the debris slope 0.6 150.2 898032/ JB 
TQP5 MtRoefm Tassie Queen Gold Mine Lightly gray basalt; collected from mine wall 0.0 150.0 898026/ JB 
Gorge Creek Group 
Cor3 Paddy Market Fm SSD-5 1 105.73-l05.76 Brown and orange laminated silty mudstone 0.4 28.3 898036/JB 
Cor4 Paddy Market Fm SSD-51 105.78-105.93 Finely laminated, fissile dark gray to black shale 0.7 116.0 898036/ JB 
CorS Paddy Market Fm SSD-51 122.12-122.23 Finely laminated, fissile dark gray to black shale 1.0 100.0 898037/ JB 
CorG Paddy Market Fro SSD-51 277.72-277.82 Quartz sandstone with dark gray matrix incl. 5% angular lithic fragments 5-20inm 0.0 28.0 898038/ JB 
Cor I Paddy Market Fm ~SD-51 361.19-361.31 Dark gray and dark red-brown mottled quartz sandstone 0.0 83.0 898040/ J8 
Cor2 Paddy Market Fm SSD-51 374. I 6-3 74.29 Finely laminated, fissile black shale 1.6 93.6 898039/ JB 
a) Total organic carbon, here defined as % kerogen of total rock mass (the generally low bitumen content was neglected) b) .R. Buick, unpublished results. c) Mass of 
solvent extracted rock powder. d) RB =Roger Buick; JG = Jellllifer Gressier; JB = Jochen Brocks; A W =Adam Webb. 
• ..i( · _, 
'Vast quantities of geologically younger petroleum products 
are a part of our everyday environment. 
Some of it appears in unlikely places and could find its way 
into rocks being studied.' 
(Hoering, 1966) 
..:;. 
: .. 
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3. Composition, integrity and thermal maturity of 
hydrocarbons extracted from sedimentary rocks of the 
2. 78 - 2.45 Ga Mount Bruce Supergroup, 
Pilbara Craton, W A 
.. ~-' 
Abstract - Shales of very low metamorphic grade from the 2. 78 
to 2.45Ga Mount Bruce Supergroup, Pilbara Craton, Western 
Australia, were analyzed for solvent extractable hydrocarbons. 
Samples were collected from ten drillcores and two mines in a 
sampling area centered in the Hamersley Basin near Wittenoom 
and ranging 200km to the southeast, 1 OOkm to the southwest and 
70km to the northwest. Almost all analyzed kerogenous 
sedimentary rocks yielded solvent extractable molecules. 
Concentrations of total saturated hydrocarbons were commonly 
iil the range of 1 to 20ppm (J.lg/g rock) but reached maximum 
values of 1 OOOppm. The abundance of aromatic hydrocarbons 
~ ~ 
was -1 to 30ppm . .At{alysis of the extracts by gas chromato-
graphy (GC), gas chromatography-mass spectrometry (GC-MS) 
and GC-MS metastable reaction monitoring (MRM) revealed the 
presence of n-alkanes, mid- and end-branched monomethyl-
alkanes, (1}-cyclohexylalkanes, acyclic isoprenoids, diamondoids, 
tri- to pentacyclic terpanes, steranes, aromatic steroids and 
polyaromatic hydrocarbons. Neither plant biomarkers nor 
hydrocarbon distributions indicative of Phanerozoic 
contamination were detected. The host kerogens of the 
hydrocarbons were depleted in 13C by 2 to 21 o/oo relative to n-
alkanes, a pattern typical of, although more extreme than, other 
Precambrian samples. Acyclic isoprenoids showed carbon 
isotopic depletion relative to n-alkanes and concentrations of 2a.-
methylhopanes were relatively high, features rarely observed in 
the Phanerozoic but also characteristic of many other 
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Precambrian bitumens. Molecular parameters, including sterane 
and hopane ratios at their apparent thermal maxima, condensate-
like alkane profiles, high mono- and triaromatic steroid maturity 
parameters, high methyladamantane and methyldiamantane 
indices and high methylphenanthrene maturity ratios, indicate 
thermal maturities in the wet-gas generation zone. Additionally, 
extracts from shales associated~ith iron ore deposits at Tom 
Price and Newman have unusual polyaromatic hydrocarbon 
patterns indicative of pyrolytic deal.kylation. 
The saturated hydrocarbons and biomarkers in bitumens from the 
. 
Fortescue and Hamersley Groups are characterized as 'probably 
syngenetic with their Archean host rock' based on their typical 
Precambrian molecular and isotopic composition, extreme 
maturities that appear consistent with the thermal history of the 
host sediments, the absence of Phanerozoic biomarkers, the 
absence of younger petroleum source rocks in the basin and the 
wide geographic distribution of the samples. Aromatic 
hydrocarbons detected in shal_es associated with iron ore deposits 
at Mt Tom Price and Mt>Whaleback are characterized as 'clearly 
-~ 
Archean' based on their unusual composition and pyrolytic 
maturity. 
3.1. Introduction 
This chapter describes the composition of bitumens extracted from low-grade 
metasedimentary rocks of the 2.7Ga Fortescue Group and the 2.5Ga Hamersley 
Group and discusses their indigenous and syngenetic nature. The samples are firstly 
characterized by bulk parameters such 'as kerogen content and extract yields and the 
bitumen compositions are systematically described according to compound class. 
The carbon isotopic compositions of kerogens and individual hydrocarbons are then 
compared, followed by a description of molecular patterns in relation to 
45 
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biodegradation and thermal maturation. The age of the bitumens is then discussed, 
considering carefully the possibility that contaminants were introduced during 
sample preparation and analysis, during drilling and storage, and during post-
Archean geological history. 
3.2. Results and Discussion 
.. ~·' 
3.2.1. Bulk characteristics and extract yields 
Bulk characteristics and solvent extract yields are sununarized in Table 3-1. The 
analyzed samples have a wide variety of lithologies and kerogen contents, ranging 
from kerogen-free mudstones, BIF and basalt, to kerogen-rich black shales with up to 
11% total organic carbon (TOC). The Mt McRae Shale from the Hamersley Group in 
the Tom Price area contains highly mature kerogen with H/C ratios around 0.1 
(Hayes et al., 1983), and kerogens from drillcore WRL-1 from the Wittenoom area 
have RIC === 0.1 to 0.3 (Table 2-4). The hydrogen contents of the kerogens were 
generally too low to obtain reliable ROCK EV AL data (T max ...... soooc or higher, 
hydrogen index HI=== 0). ~ 
·' ' 
As expected from such highly mature samples, extract yields were generally low. 
Kerogen-rich shales yielded up to 1 OOOppm hydrocarbons while samples with low 
kerogen contents (TOC<1 %) yielded less than lppm (Table 3-1). Yields of saturated 
hydrocarbons from shales of the Hamersley Group at Mt Tom Price and Mt 
Whaleback show large variations even between samples with high kerogen contents. 
For example, Mt McRae Shale sample Rae3 (5.3% TOC) contains 2.1ppm saturated 
hydrocarbons while Rae2 (6.0% TOC) yielded 1000ppm. Concentrations of aromatic 
hydrocarbons in the Mt McRae Shale vary from 0.03 to 27ppm. Hydrocarbon 
concentrations in samples from the Fortescue Group are lower than in Mt Tom Price 
and Mt Whaleback samples of the Hamersley Group. Saturated hydrocarbon 
concentrations are up to 20ppm while the highest detected abundance of aromatic 
hydrocarbons is 3.5ppm. 
The absolute concentrations ofhopane and sterane biomarkers are low in all samples, 
ranging from 0.1 to 20ppb (lppb = lng per gram of rock) (Table 3-1). 
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Concentrations <1 ppb are close to that observed in procedural blanks and so do not 
permit reliable interpretations. 
3.2.2. Bitumen composition 
Normal-, branched- and cyclohexylalk~~s , 
Most samples from the Hamersley and Fortescue Groups have condensate-like 
n-alkane distributions (Fig. 3-1 ). The longest n-alkanes resolved under GC 
conditions lie in the carbon number range n-C19 to n-C23 for all samples from 
drillcore WRL-1 and in all black shales from Mt Tom Price and Mt Whaleback. In 
most kerogen-rich samples, n-alkanes with low carbon numbers (n-~ to n-C12) are 
the most abundant components (hydrocarbons <n-C9 were not recovered by the 
extraction procedure). Kerogen is a strong adsorbent for hydrocarbons (Oehler, 
1977) and high kerogen contents protect molecules with low molecular masses 
against evaporation. Thus, in kerogen-poor Archean samples light hydrocarbons are 
generally depleted and the n-alkane range shifted towards higher molecular masses 
(e.g. samples Dall and Tum] in Fig. 3-1). Therefore, the carbon number of the most 
abundant n-alkane in the bitumeg (n~Cmax; Table 3-1) is a good indicator for the 
_.., 
extent of evaporative loss. Preferences for odd- or even-numbered n-alkanes were 
only observed in -Mt Whaleback sample Rae5 (Fig. 3-1) and in kerogen-poor control 
samples Rae4 and Wall, where only even-numbered n-alkanes were present. 
However, the rock powder of these three samples was prepared in a different 
laboratory under less controlled conditions, and the presence of exclusively even-
numbered alkanes in the control samples Rae4 and Wall suggests that these 
molecules were introduced by laboratory contamination. 
Monomethylalkanes, eluting between n-alkanes in gas chromatograms, were detected 
in all samples over the same carbon-number range as n-alkanes (Fig. 3-2). Isomers 
with all possible branching positions were identified in very similar concentrations; 
i.e. no predominance of end- or mid-branched monomethylalkanes was detected. 
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Table 3-1. Bulk characteristics and extract yields. 
TOC Sat.b Aro.h Sat/ n-c-· Pr/ Ph/ Steranes Hopanes Steranes Hopanes Sample Well Depth [m] Lithology [%]• [ppm] (ppm] Aro [ppm]• Pr/Ph 11-C17 • n -Cu [ppb) in (ppb) in [%o) in sats [%o) in sats 
rockd rockd 
Wyloo Group 
Duel Mine 
-
Mudstone 5.1 6. 1 0.3 20 0.07 (Cu) 1.5 0.56 0.37 1.0 1.5 0.16 0.25 
Hamersley Group 
Mt Tom Price Mine 
Da11 DE20n4 350.30 Grey mudstone 1.3 74 8.7 8.5 2.3 (c,.) 2.0 0.42 0.29 6.6 8.2 0.089 0.11 
Da12* GI I85-81 269.03 BIF 0.0 0.4 0.02 20 0.002 (Cz,) - '0.36 0.71 1.0 1.8 2.5 
Rae1 Gl l 85-81 324.87 Silicified black shale 5.8 440 27 16 11 (Cu) 2.2 0.40 0.23 17.3 8.9 0.04 0.02 
Rae2 B26-7 140.75 Black shale 6.0 1000 8.8 110 34 (Cu) 2.6 0.6 1 0.41 23.3 16.7 0.023 0.02 
Rae6 Mine 
-
Black shale 0.06 13((' 0.005 
Beel G906 418.90 Black shale 7.8 120 16 7.5 3.3 (Cu) 2.6 0.60 0.30 10.6 19.0 0.088 0.16 
. 
Mt Whaleback Mine 
Wall DDH257 48.9 Dark grey shale 110 17 6.5 8.8 (Cu) 2.7 0.58 0.35 52 \35 
Rae3 Mine 
-
Black shale 5.3 2.1 0.03 70 0.03 (C,&) 1.9 0.82 0.69 0.24 .16 0.11 0.08 
RaeS DDH324 139.7 Black shale 86 17 5. t 4.1 (C:.) 1.9 0.58 0.20 9.7 ,[4.2 
Wittenoom 
Wall* DDH47A 256.7 Medium grey shale 7.3 1.1 6.6 0.86 (C,.) 1.3 0.46 0.1 1 
Rae4* DDH47A 397.7 Light grey shale 0.9 O.o7 13 0.21 (Ct•) 
-
- 0.55 1.0 
Mam3* WRLI 581.17 Med. grey mudstone 0.0 0.8 0.2 4.0 0.06 (Czz) 
-
1.5 2.4 1.8 3.0 
Mam2 WRLI 644.50 Black mudstone 2.7 1.3 0.8 1.6 0.005 (C,&) 1.7 0.29 0.24 3.7 5.6 2 .8 4.3 
Maml WRLl 665.39 Dark brown mudstone 2.6 13 2.6 5.0 0.83 (C11) 1.1 0.18 0.11 6.1 8.0 0.47 0.62 
Fortescue Group 
Royt WRLI 679.39 Silici tied black shale 7.4 20 1.5 13 0.80 (Ct9) 1.2 0.31 0.20 9.9 10.7 0.50 0.54 
Roy tO WRLI 679.94 Silicified black shale 3.7 9.4 1.7 5.5 0.20 (C11) 1.9 0.33 0.21 7.0 6.0 0.74 0.64 
Roy2 WRLI 681.69 Silicified black shale 8.6 18 0.00 - 0.60 (C11) 1.3 0.41 0.27 4.9 2.0 0.27 0.11 
continued next page 
~ 
00 
Table 3-1. cont. 
TOC Sat.b Aro.b Sat/ n-c-· Pr/ Ph/ Steranes Hopanes Steranes Hopanes Sample Well Depth [m] Lithology [%]' [ppm] [ppm] Aro [ppm)c Pr/Ph n-C11 n-Cts (ppb) in [ppb) in [%o] in sats [%o] in sats 
rockd rockd 
Fortescue Group (cont.) 
Royll WRLI 695.75 Silicified black shale 11.4 15 3.5 4.3 0.14 (C12) 1.4 0.30 0.24 11.7 9.7 0.78 0.65 
Roy3 WRLl 718.07 Silicified black shale 9.0 13 2.5 52 0.42 (Cu) 1.4 033 020 4.0 3.6 0.31 0.28 
WarS WRLI 741.94 Silicified black shale 6.9 2.2 1.0 2.2 0.055 (CtJ) 1.6 0.41 0.39 2.7 2.6 1.2 1.2 
Wart* WRLI 717.86 Massive black chert 0.5 
- - - -
0.27 0.39 
Madl* WRLI 780.51 Basalt 0.0 0.1 0.00 
-
0.004 (C,l) 
- -
0.13 0.17 1.3 1.7 
Hart WRLI 1824.34 Dark grey shale 1.6 5.2 1.1 4.7 0.17 (Ct6) 4.0 0.44 0.16 1.9 1.9 0.37 0.37 
FVGt FVG-I 756.04 Black shale 9.4 2.0 0.7 2.9 0.21 (Ctg) 1.4 0.41 0.39 9.6 9.9 4.8 4.8 
FVG2 FVG-1 860.15 Dark grey mudstone 1.5 0.9 0.08 I I 0.02 (C,6) 2.1 0.45 022 1.7 2.1 1.9 1.9 
War2 Surface 
-
Dark grey shale 1.3 0.04 0.01 4 0.0007 (C2o) 
- -
0.09 0.09 2.3 2.3 
Tum I SY-1 115.02 Black mudstone 0.9 0.7 0.06- 12 0.02 (Cts) 1.7 0.36 0.18 0.33 0.85 0.47 1.2 
TQPl Mine Dark grey shale 0.5 0.7 0.01 (Cn) 2.2 0.80 0.43 0.26 0.31 0.37 0.4 
TQP:Z Mine - Red siltstone <0.2 1.2 ' 0.03 (Cn) 2.0 0.90 0.44 0.39 0.40 0.32 0.3 . 
TQP3 Mine - Medium grey siltstone 0.4 2.4 0.4 6.0 0.06 (C,6) 2.5 0.96 0.56 0.16 0.14 O.o? 0.06 
TQP4 Mine - Dark grey mudstone 0.6 0.2 0.001 (C11) 2.4 0.91 0.53 0.08 ~.09 0.4 0.5 
TQPS* Mine 
-
Basalt 0.0 0.2 0.005 (Cu) 1.2 0.77 0.44 0.07 .08 0.4 0.4 
Gorge Creek Group 
Cor3 SSD-51 105.73 Brown mudstone 0.4 6.3 1.3 4.8 0.33 (C,6) 1.7 0.85 0.64 1.78 2.05 0.28 0.33 
Cor4 SSD-51 105.78 Dark grey shale 0.7 12 1.3 9.2 0.74 (Ct6) 1.8 0.75 0.61 1.82 2.55 0.15 0.21 
CorS SSD-51 122.12 Dark grey shale 1.0 7.9 0.8 9.9 0.38 (Ct6) 1.7 0.81 0.99 0.88 0.8 1 0.11 0.10 
Cor6* SSD-51 277.72 Sandstone 0.0 0.0 0.0 
-
- - - 0.19 0.2 1 
Corl* SSD-51 361.19 Sandstone 0.0 0.0 0.0 
-
- - - 0.08 0.10 
Cor2 SSD-51 374.16 Black shale 1.6 15 1.7 8.8 0.77 (Ct6) 1.9 0.68 0.55 0.78 0.81 0.05 0.05 
a) Total organic carbon, here defined as% kerogen of total rock mass (the generally low bitumen content was neglected) 
b) lppm = lllg hydrocarbons per gram ofrock. Quantification was by GC-FID using internal standards as described in Appendix II (accuracy ±20%). Values differ from Brocks eta!. (1999) 
where reported extract yields are gravimetric (see Appendix II). 
c) cmax is the most abundant n-alkane (given in brackets). 
d) Estimated by GC-MS MRM with D4 as internal standard and as described in Appendix II. Steranes = 1: C27 to C29 aoox and aj}~-steranes and Pa-diasteranes; Hopanes = :E Ts, Tm, C29·a!J, 
~ C29Ts, Cwa:P, Cwa:P-22(S+R), C31-2a-Me. * = Kerogen-free or kerogen-poor control samples (blank samples); '- '=not detectable; ' '=not measured. 
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Figure 3-1. Gas chromatograms of saturated hydrocarbons in bitumens from the Fortescue and 
Hamersley Groups. The chromatograms are identified by sample name, drillcore, kerogen content 
(TOC) and extract yield of the saturated hydrocarbon fraction in ppm (f-l.g saturates per gram of rock). 
's' is the internal standard. The dotted line marks n-heptadecane. 
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Figure 3-2. Mass-chromatograms of saturated hydrocarbons in Mt McRae Shale Beel. (A) Mass-
chromatogram rnlz = 85 showing methylalkanes and acyclic isoprenoids. Monomethylalkanes are 
identified by carbon number (C11 , C12 etc) and branching position. Acyclic isoprenoids are identified 
by carbon number (i14 to i16) . Note that signal areas in m/z = 85 mass-chromatograms are not 
proportional to compound concentrations leading, for example, to a reduced response in 
4-methylalkanes. (B) Total ion current (TIC). '-' =Indicates truncated naphthalene signal. (C) Mass-
chromatogram m/z = 83 minus 85 showing cyclobexylalkanes. Compound abbreviations are defined 
in Appendix IV. 
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It is noteworthy that peak areas in the m/z = 85 mass-chromatogram of Fig. 3-2A are 
not proportional to compound concentrations as the intensity of the m/z = 85 ion 
fragment varies strongly with the branching pattern. For example, molecular ions of 
4-methylalkanes have generally a lower tendency to fragment into m/z = 85 ions than 
5-methylalkanes. Hence the intensity of 4-methylalkanes in Fig. 3-2A appears lower 
than that of other positional isomers, although actual concentrations are very similar 
as seen in the total ion current (TIC; Fig. 3-:~)., 
Cyclohexylalkanes, visible in GC-MS rn/z = 83 minus 85 traces, were detected in all 
samples in low relative concentrations and occurred in the same molecular mass 
range as the n-alkanes (Fig 3-2). The acyclic isoprenoids pristane (Pr) and phytane 
(Ph) are prevalent in all bitumens (Fig. 3-2B, Fig. 3-1). The Pr/Ph ratio in samples 
from the Fortescue Group lies consistently between 1 and 2 (except in Harl from 
drill core WR.L-1 ), while bitumens of the Hamersley Group have marginally higher 
Pr/Ph ratios (2.0-2.7) and also slightly increased values for the ratios Prln-C11 and 
Phln-C1s (Table 3-1). Acyclic isoprenoids with less than 17 carbon atoms also occur 
in all samples in concentrations similar to Pr and Ph (Fig. 3-2), while 
pseudohomologues with more than 20 carbons atoms were not detected. 
Unresolved complex mixtures (UCMs_ ~r 'humps') underlying n-alkanes are low in 
most samples (Fig. 3-1). A slightlj increased UCM in Rae3 (Fig. 3-1), an outcrop 
sample from Mt Whaleback, is probably caused by biodegradation, an interpretation 
that is supported by higher Pr/n-C17 and Phln-C18 ratios in this sample (Table 3-1). 
An unusual UCM at high retention times was detected in all samples from drillcore 
WR.L-1 (Fig. 3-1; see also Fig. 3-16). 
Cheilanthanes 
GC-MS metastable reaction monitoring (MRM) of rnlz = 191 daughter ions in the 
C19 to C2s-range of tricyclic terpanes revealed the presence of 13~(H),l4a(H)­
cheilanthanes in all samples (Fig 3-3). Bitumens from the Hamersley and Fortescue 
Groups have different 13~(H),l4a{H)'-cheilanthane distributions. In all bitumens 
from the upper Fortescue Group the most abundant pseudohomologue is C23 while 
C19 to C22-pseudohomologues have very low relative abundances (Fig. 3-3A). In 
contrast, all bitumens from the Hamersley Group at Mt Tom Price have high relative 
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Figure 3-3. Reconstructed GC-MS MRM-chromatograms of M+-7191 transitions of C19 to C25-
13~{H),l4<X(H)-cbeilanthanes (tricyclic terpanes). (A) War5 from drillcore WR.L-1, representative of 
samples from the Fortescue Group. (B) Bee] from Mt Tom Price, representative of the Hamersley 
Group. UCM =Unresolved complex mixture. Compound abbreviations are defined in Appendix IV. 
concentrations of the Ct9 to C21-homologues (Fig. 3-3B). While such a difference in 
the distribution of cheilanthanes could be the result of a change in their. biological 
source, other observations do not support this suggestion. The positions of the UCMs 
underlying the tricyclic terpanes in the reconstructed MRM chromatograms indicate 
a general shift of tricyclic saturated hydrocarbons towards higher molecular masses 
in Fortescue Group samples (Fig. 3-3A) and to lighter molecular masses in 
Hamersley Group samples (Fig. 3-3B). The average molecular mass of UCMs is 
probably a function of physical redistribution processes or thermal degradation but 
53 
not of biological source. It is reasonable to conclude that abiological processes 
responsible for the shift of the UCMs also caused the differences in cheilanthane 
distribution. 
Tetracyclic diterpanes 
GC-MS metastable reaction monitoring o~.~ parent-daughter transition 2747123 
revealed in some samples the presence of signals eluting in the same range as 
isomers of beyerane, phyllocladane and kaurane. These tetracyclic diterpanes are 
biomarkers for higher plant input. However, the intensity of the MRM transitions 
was always close to the detection limit and so the identity and origin of the signals 
remains unresolved. 
Hopanes 
GC-MS metastable reaction monitoring (MRM) of pentacyclic terpanes revealed the 
presence of regular and rearranged hopanes in all samples in the ppb range (ng per 
gram of rock) (Fig. 3-4; Table 3-1). It was possible to detect the complete C21 to C3s-
17a(H),21P(H)-hopane series in MRM ·M+ 7191 mass chromatograms (Fig. 3-5). 
c21-hopanes are represented by·';=>t7a(H)-22,29,30-trisnorhopane (Tm) and the 
diagenetic rearrangement product 18a(H)-22,29,30-trisnomeohopane (Ts). The C2s-
hopane 17a(H),21P(H)-29,30-bisnorhopane (29,30-BNH) is probably a degradation 
product of higher hopanes and occurs in the Archean bitumens in low relative 
concentrations, as in most bitumens and petroleums (Peters & Moldowan, 1993). 
28,30-Bisnorhopane (28,30-BNH) also occurs in the Archean rock extracts in trace 
amounts. 28,30-BNH is a common constituent of many bitumens and crude oils in· 
low concentrations (Mello et a/., 1989). However, biological sources or diagenetic 
precursors for 28,30-BNH are unknown although elevated concentrations· are typical 
for highly reducing depositional environments (Mello et al., 1989). The regular C29-
hopane 17a(H),21P(H)-30-norhopane (C29-ap) is the most abundant pentacyclic 
terpane in all samples. The diagenetic rearrangement product 18a(H),21 P(H)-30-
norneohopane (C29Ts; Moldowan et al., 1991) elutes just after C29-ap in 3987191 
chromatograms and was detected in concentrations 4 to 8 times lower than the 
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C29-a~ isomer (Fig. 3-5, Table 3-2). 17a(H),21~(H)-Hopane (C3o-a~) and extended 
a~-hopanes with 31 to 35 carbon atoms are present in most of the Archean samples 
and rapidly decrease in concentration with increasing molecular weight (Fig. 3-4, 
Fig. 3-5). Minor components eluting after each signal of the 17a(H),21 P(H)-hopane 
series were identified as 17~(H),2Ia(H)-hopanes (~a-hopanes or moretanes). The 
ratio of ~a-hopanes to a~-hopanes is -0.05, the value for thermal equilibrium 
reached during earlier stages of oil g~era'tion (Peters & Moldowan, 1993). 
Compounds in trace amounts shortly before regular ~-hopanes in the C29 to C34 
mass-range were tentatively identified as the 17a(H)-diahopane series first described 
by Moldowan eta/. (1991) (C29• in Fig. 3-5). 
MRM M+ -7205 chromatograms of the late Archean bitumens also indicate the 
presence of relatively high concentrations of A-ring methylated hopanes (Fig. 3-6). 
By plotting molecular carbon number against the logarithm of retention tilnes of 
individual signals, it was possible to identify the complete c29 to c36 2a- and 3 ~­
methylhopane series (filled symbols in Fig. 3-7; cf. Summons & Jahnke (1992); note 
that the carbon numbers in the reference were not correctly plotted). Compounds 
eluting only a few seconds after each r~gular a~-hopane with one carbon atom less 
were identified as C29 to C36-2a-gtethyl:.l7a(H),21 ~(H)-hopanes. The second series 
eluting shortly after the corresponding desmethyl aP-hopanes with the same 
molecular weight are C31 to C36-3~-methyl-17a(H),21P(H)-hopanes. The abundance 
of 3~-methylhopanes is significantly lower than that of the 2a-isomers in the c31 to 
c34 range but increases markedly for the c35 and c36 homologues (Fig. 3-6; see also 
Fig. 4-5). 
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Figure 3-4. Distribution of 17a(H),21 ~(H)-hopanes in the rock extract of sample Maml from 
drillcore WRL-1, Marra Mamba Iron Fof!I}ation, Hamersley Group. The chromatogram was 
reconstructed using MRM M' 7191 trac~for M" = 3 70 to 482 in increments of 14 dalton. Compound 
abbreviations are defined in Appendix IV. 
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Table 3-2. Biomarker ratios. 
Hopanes" 
C27/ C29/ 
C29 C30 
Wvloo Group 
Duel 0.84 1.2 
Hamerslev Group 
Mt Tom Price Mine 
Dall 0. 72 1.4 
Da/2° 
Rael 
Rae2 
Rae6 
Beet 
c 
0.51 
1.2 
0.74 
0.51 
Mt Whaleback Mine 
1.5 
1.2 
1.7 
1.1 
Wal2 1.6 1.0 
Rae3 
RaeS 
Wittenuom 
0.61 
0.61 
Wall• 0.78 
Rae4* 0.66 
Mam3" 0.68 
Mam2 0.72 
Maml 1.3 
1.1 
2.2 
0.85 
1.3 
1.8 
1.3 
1.3 
Fortescue Group 
Royl 1.1 1.3 
RoylO 1.1 l. 7 
Roy2 0.57 2.1 
Ruytl 1.1 1.6 
Roy3 1.3 1.4 
WarS 0.96 1.7 
War}• 
Madl" 
Hart 
l.] 
1.1 
0.67 
1.3 
1.i 
1.8 
C30/ Ts/ C29Tsl C31S/ 
C31 Ts+Tm C29 (S+R) 
1.5 
1.1 
1.1 
1.4 
1.2 
1.0 
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1.0 
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15 
I~ 
1.5 
lA 
u 
u 
15 
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0.51 
U.Jl 
0.44 
0.38 
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0.61 
0.4] 
0.41 
0.56 
0.58 
0.59 
~7 
~7 
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0.58 
~8 
0~6 
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OD 
~51 
0.11 
0.16 
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0.12 
0.12 
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0.15 
0.33 
0.19 
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0.1 6 
0.17 
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Table 3-2. cont. 
Hopanes" Steranei' 
C27/ C29/ C30/ Ts/ C29Ts/ CJIS/ 
(S+R) 
CJI Ster/ Dial C27 C28 C29 C27 PlY C28 PlY C29ppt Reg Reg Reg Dia Dia Dia 
C29 CJO CJl Ts+Tm C29 MHI Hop Reg S/(S+R) S/(S+R) S/(S+R) aa+PI} aa+pp aa+jip C27 •;. C28 "'o C29 e;o C27 % C28 e;. C29 "'o 
FVGl 0.84 
FVG2 0.55 
War2 1.2 
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TQPJ 1.1 
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a) Hopane biomarker ratios were measured using uncorrected MRM M" ~ 191 and M+ ~205 transitions relative to D4 as internal standard (Appendix II) and are defined as follows (compound 
abbreviations are defined in Appendix IV): C27/C29 = (Ts + Tm)/C29-ap; C29/C30 = C29-af3/CwaP; C30/C31 = C30-ap/(C3,-uP-22S + CwaP-22R); C29Ts/C29 = C29Ts/C29-ap; 
C31S/(S+R) = CwaJ3-22S/(CwaJ3-22S + C31-aJ3-22R); C31 MHI (2a-Methylhopane Index)= Cw2a-Me/(C31-2a-Me+C30-aj3). 
b) Sterane biomarker ratios were measured using uncorrected MRM M+~217 transitions relative to 04 as internal standard (Appendix ID and are defined as follows (compound abbreviations 
are defined in Appendix IV): Ster/Hop = (L C27 to~ aaa and aPJ3-steranes and l3a-diasteranes)/(:E hopanes Ts, Tm, C29-ap, ~Ts, C30-al3, CwuP-22(S+R), Cw2a-Me); Dia/Reg = (L 
~7 to ~9 Pa-diasteranes)/(I. ~7 to C29 aaa and aP13-steranes); C27S/(S+R) = C2Taaa-20S/(C2Taaa-20S + C27-aaa-20R) (C28S/(S+R) and C29S/(S+R) are defined according to 
C27S/(S+R)); C27J313!aa+pp = (C27-ai3I3-20S + C27-aPP-20R)/(C27-aPP-20S + c2Tai313-20R + C27-aaa-2os + C27-aaa-20R) (C281313/aa+PP and C2913Piaa+P13 are defined according to 
C27PI3faa+PP); Regular sterane distribution RegC27% = (C27 aaa-20(S+R) and aPP·20(S+R)) I (:E ~7 to C29 aaa-20(S+R) and ai313-20{S+R)) (RegC28% and RegC29% are defined 
c) 
* 
.. 
according to RegC27%); Diasterane distribution DiaC27% = (C27-Pa-20(S+R))/(L c,7 to c29 Pa-20(S+R)) (DiaC28% and DiaC29% are defined according to DiaC27%). 
Values printed !n italics indicate possibly unreliable data with low extract/blank ratios (see laboratory procedural blanks in Sections 3.2.6). 
=Kerogen-free or kerogen·poor control samples (blank samples); '-' =not detected. 
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Figure 3-5. Distribution of hopanes and other pentacyclic terpanes in the saturated fraction of sample 
Maml from drillcore WRL-1, Marra Mamba Iron Formation, Hamersley Group. Data was obtained by 
GC-MS MRM transitions M+ ~ 191. Chromatograms are identified by carbon number, the relative 
height (abundance) of the most intense peak in the trace, and the MRM reaction transition. tx = 
taraxastane, y = gammacerane, C29 • = 17a.(H)-diahopane. Other compound abbreviations are defined 
in Appendix N. 
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Figure 3-6. Distribution of A-ring methylated hopanes in the rock extract of sample Maml from 
drillcore WRL-1, Marra Mamba Iron Formation, Hamersley Group. Data was obtained by GC-MS 
MRM transitions M+ -7205. Chromatograms are identified by carbon number, the relative height 
(abundance) of the most intense peak in the trace (continued from Fig. 3-5) and the MRM reaction 
transition. Compound abbreviations are defined in Appendix IV. 
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Figure 3-7. Correlation between the logarithm of retention times and carbon number for three hopane 
series. 
Gammacerane, taraxastane, oleanane and bicadinane 
The MRM 412 7 191 transition in all bitumens shows a signal at the correct elution 
~ 
position for gammacerane (y) (Fig: 3-5). However, concentrations were too low for 
an unambiguous identification. Taraxastane (tx) is a rearrangement product of 
lupanes and believed to be an indicator of terrestrial organic matter (Perkins et a/., 
1995). A response close to detection limit at the elution position oftaraxastane in the 
4127191 transition was only. visible in kerogen-poor control sample Wall and some 
samples from drillcore WRL-1. Hence, the identity of the recorded signals is 
uncertain. Oleanane is also diagnostic for higher plant input. It was possible to 
establish the absence of this pentacyclic triterpane in all samples by analyzing MRM 
412~1 91 and 4 12~369 transitions (Peters & Moldowan, 1993). Thepentacyclic 
triterpane bicadinane is a fragmentation product of angiosperm dammar resin 
(Anderson & Muntean, 2000; van Aar~sen et a/. , 1990). Tertiary oils and bitumens 
frequently contain numerous bicadinane isomers. Four samples (FVGJ, Dall, Tum ], 
and Royll) contain traces of bicadinanes close to the detection limit. However, 
similar quantities were also identified in a procedural blank. 
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Steranes and aromatic steroids 
Steranes and aromatic steroid hydrocarbons also occur in the bitumens of the late 
Archean samples. They comprise most of the known C26 to C30-pseudohomologues, 
diasteranes (Fig. 3-8), A-ring methylated steranes (Fig. 3-9) and mono- and 
triaromatic steroids that have been recorded in the Proterozoic and Phanerozoic. In 
all bitumens the most abundant pseudohomologue is cholestane (C27) comprising 42 
to 58% of the total c27 to c29-regular-steratfbs (Table 3-2), followed by stigmastane 
(C29) comprising 26 to 36% and ergostane (C2s) comprising ~20%. 24-n-
Propylcholestanes (C3o) comprise 2 to 4% of the total C21 to C3o-regular steranes. 24-
Isopropylcholestane, in Phanerozoic bitumens a biomarker for sponges (McCaffrey 
et al., 1994), was not observed in any sample. 
Diasteranes form by diagenetic rearrangement of sterols (Sieskind et al., 1979). Their 
abundance relative to regular steranes (Dia/Reg) generally increases with clay 
content and decreases with kerogen content of the source rock (van Kaam-Peters, 
1997). Dia/Reg might also increase with thermal maturity (Goodarzi et al., 1989) and 
might be influenced by chromatographic processes (Zhusheng et a/., 1988). In the 
Archean bitumens, the relative concentration of diasteranes to regular steranes is 
subject to large variations (Table 3-2)_.. Dia/Reg ratios in core WRL-1 fluctuate 
.between 0.56 and 1.3. The lowest ~lues in WRL-1 occur in the upper section of the 
core that comprises the lowermost Hamersley Group (Dia/Reg = 0.56 to 0.70 in 
Maml, Mam2, Mam3; Table 3-2) and increase in the underlying Fortescue Group 
(Dia/Reg = 0.70 to 1.3). Dia/Reg ratios in the Hamersley Group from Mt Tom Price 
and Mt Whaleback are also on average lower than in samples from the Fortescue 
Group, ranging from 0.36 to 0.80. Most observed values are consistent with the clay-
rich nature of these Archean source rocks and their high thermal maturities. 
Similar to the regular sterane distribution, the most abundant diasteranes in all 
Archean samples are the C27-isomers (Table 3-2). However, diasteranes have not the 
strict abundance order C21>C29>C2s as the regular steranes. C2s-pseudohomologues 
are either as abundant as C29 (WRL-1 samples), more abundant than C29 (Hamersley 
. . 
Group at Mt Tom Price) or less abundant than C29 diasteranes (Hamersley Group at 
I 
Mt Whaleback). 
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Figure 3·8. Distribution of steranes in sample Roy3 from drillcore W~l, Jeerinah Formation, 
Fortescue Group. Data was obtained measuring MRM ~nsitions ~~217. Chromatograms are 
identified by carbon number, the relative height (abundance) of the most intense peak in the trace, and 
the MRM reaction transition. Compound abbreviations are defined in Appendix IV. 
Steranes methylated at ring-A also occur in all samples. MRM measurements of the 
. 
414-7231 transition reveal the presence of C30 2a.-, 3~- and 4a.-methy-24-ethyl-
cholestanes including a.a.a.-20S and R, and a.~~-20S and R isomers (Fig. 3-9). The 
abundance of these C3o-methylsteranes is 1.5 to 5 times lower than that of the 
respective unmethylated C29 steranes. Dinosteranes (4a,23,24-trimethylcholestanes) 
were also detected in MRM 414-7231 transitions of some samples, although 
concentrations were generally low. The weak signals were assigned by comparison 
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Figure 3-9. Distribution of C30 A-ring methylated steranes measured by GC-MS MRM transition 
414~231. {A) A Triassic bitumen (Watchet #5021) with high relative concentrations of dinosteranes, 
(B) sample Maml from drillcore WRL-1, Marra Mamba Iron Formation, Hamersley Group, {C) 
sample Wa/2 from Mt Whaleback, Brockman Iron Formation, Hamersley Group, {D) sample Dall 
from Mt Tom Price, Brockman Iron Formation, Hamersley Group and {E) sample Duel from the 
Amphitheatre Mine, Duck Creek Dolomite, Wyloo Group (cf. Chapter 8). Compound, abbreviations 
are defmed in Appendix IV. 
to retention times of a Triassic bitumen known to contain very high concentrations of 
dinosteranes (Fig. 3-9A; cf. Fig. 2 in Summons et al., 1992; and Summons et al., 
1987). GC-MS MRM 386~231 and 400~231 transitions also show signals of 
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several isomers of C2s and C29 A-ring methylated steranes. Steranes with a 
Cz-substitution pattern upon ring-A are also present in low relative concentrations. 
C-ring monoaromatic steroids (MA) were detected by selected ion recording (SIR) of 
the most intense fragment ion m/z = 253. In most samples C21 to C29-MA were below 
the detection limit and only the thermally degraded C21 to C22-pseudohomologues 
were identified. The low concentration of all monoaromatic steroids was probably 
caused by maturity-driven aromatization titriaromatic steroids (TA) (Mackenzie et 
a/., 1981). The high degree of aromatization from monoaromatic to triaromatic 
steroids in the Archean bitumens is indicated by TA/(TA+MA) > 90% (Table 3-3). 
Like the monoaromatic steroids, triaromatic steroids, identified in GC-MS SIR 
mlz = 231 chromatograms, were strongly affected by thermal degradation of the D· 
ring side chain. Therefore, triaromatic steroids with 26 to 28 carbon atoms are only 
present in trace amounts while the thermal degradation products C20 and C21·TA are 
very abundant (see also Fig. 3·13C). Triaromatic steroids of the m/z = 245 series 
with an extra methyl-group on rings A to C were also observed. 
~ 
. ' 
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Table 3-3. Aromatic maturity parameters, other aromatic ratios8 and methyldiamondoid indices. 
TAl TA-l/ TNR TNR-2 MPI-1 MPR MPDF DPR MDR Naph/ BiPh/ Fl/ DBT/ Phen/ MP/ 9-MP/ 1-PhN/ MAl~ MDl• TA+MAb TA-1+11• DNR-l MN MeBP MeFI MDBT MP DMP 1-MP 2-PhN 
Wyloo Group 
Duel 58% 48% 3.1 
-· -
0.11 2.0 0.49 - 0.38 0.40 - - 6.1 1.3 2.2 4.1 89 61 
Hamersley Group 
Mt Tom Price Mine 
Dall >90%r >90%' 6.6 
- -
0.14 1.3 0.49 0.29 5.0 0.59 0.60 2.4 2.3 4.9 2.4 1.6 0.1 88 
Dal2 - 1.3 2.2 1.3 0.68 1.7 0.54 0.45 1.6 0.70 0.67 0.70 0.15 0.74 · 0.90 1.3 0.1 
Rael >95%r 35% 3.5 0.53 0.58 0.06 1.1 0.44 - 1.4 3.5 6.4 5.3 4.4 II 1.9 1.9 0.3 73 60 
Rae2 >95%1 95% 4.0 0.70 0.62 0.74 1.5 0.46 - - 0.51 0.47 - 0.49 0.97 2.3 
Rae6 - 13.5 2.4 1.4 0.08 2.2 0.60 0.25 8.6 2.1 8.3 1.8 8.5 II 8.7 1.7 0.1 95 58 
Beet 93% 78% 3.7 1.2 0.72 0.10 1.5 0.52 0.18 1.7 4.6 5.9 4.7 3.3 8.0 2.3 1.6 0.2 - 57 
~ (i 
Mt Whaleback Mine 
Wal2 
- : 5.3 0.72 0.57 - - . 0.50 1.7 3.0 - 24 > 100 High - 5.9 - 59 
Rae3 
-
- 4.2 - - - - ~ - 6.2 3.2 - - - - 9.0 97 
RaeS 4.2 7.2 21 71 >100 High . 6.9 70 60 
- - - - - -
- - i.' 
Wittenoom area 
Mam3 >95%r 85% - - 0.72 1.3 0.46 0.23 3.0 0.76 0.52 - 0.18 0.44 0.32 1.5 0.1 
Mam2 85% 96% 10.0 1.4 0.93 0.67 1.24 0.50 0.20 0.92 0.09 0.24 0.20 0.62 0.62 1.2 2 .0 
Maml 80% 92% 10.8 2.5 1.3 0.76 1.2 0.49 0.24 1.8 0.07 0.34 0.30 0.29 0.45 0.97 1.3 0.5 56 
Fortescue Group 
Royl 92% 94% 5.8 1.2 0.76 0.7 1 0.87 0.44 0.19 1.0 0.03 0.35 0.24 0.26 0.36 0.64 l.l 4.3 - 43-61 
RoylO 95% 96% 6.3 0.71 0.67 
- -
0.13 1.1 0.39 0.55 
-
0.22 0.35 0.89 - 2.7 - 52-69 
Royl 82% 96% 
Royll 80% 95% 5.4 0.63 0.60 
- - - -
0.10 0.44 
- -
0.26 0.67 4.6 
Roy3 77% 96% 6.8 1.3 0.85 0.73 1.2 0.47 1.3 0.01 0.38 - 0.27 0.44 0.93 1.6 
WarS 97% 98% 6.8 1.0 0.79 
- -
0.74 0.03 0.28 
-
0.18 0.55 0.60 - 3.5 
l:larl >95%r 98% 8.6 0.81 0.83 0.84 1.1 0.48 0.18 0.93 0.13 0.22 - 0.20 0.35 0.36 1.1 1.0 58 
continued next page 
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Table 3-3. cont. 
TAl TA-U TNR TNR-2 MPI-1 MPR MPDF DPR MDR Naph/ BiPh/ Fll DBT/ Ph en! MP/ 9-MP/ 1-PhN/ MAl- MDI-TA+MAb TA-1+11• DNR-t MN MeBP MeFI MDBT MP DMP I-MP 2-PbN 
Fortescue Group 
FVGJ 88o/o 59"/o 6.8 1.2 0.90 0.82 1.3 0.49 024 l.l O.D7 0.32 0.41 0.15 0.39 0.80 1.8 76 
FVG2 >900/or 51% 7.9 1.1 0.82 0.69 1.4 0 .55 0.27 2.2 0.39 0.51 0.52 0.46 0.72 1.5 1.3 0 .7 
Tuml >95%r 76% 12.6 3.1 1.7 0.46 1.9 0.61 0.36 1.7 0.15 0.15 0.41 0.27 1.5 1.6 1.3 0.3 75 
TQPJ 
- -
7.2 1.1 0.86 1.2 1.6 0.59 0.49 3.8 0.26 0.12 0.09 0.35 0.56 1.8 1.2 0.3 
Gorge Creek Group 
Cor3 - 2.7 1.6 1.0 0.92 1.6 0.58 0.35 2.1 1.8 0.02 0.14 0.27 0.52 2.6 1.3 0.5 
Cor4 
-
3.0 1.6 1.1 1.1 1.6 0.58 0.37 1.6 - 0.04 0.09 0.21 0.39 1.9 1.2 0.7 
CorS 
- -
1.9 1.4 1.3 1.1 1.5 0.57 0.35 1.5 0.54 0.02 0.09 0.17 0.34 2.0 1.3 0.8 
Cor2 
- -
62 1.2 0.86 1.1 1.6 0.59 ~ 4.35 1.9 0.18 0.11 0.20 0.78 0.41 1.7 1.2 1.3 
Dlcselh 
- : 6.5 1.0 0.86 1.2 1.8 0.59 .0.82; 3.7 0.12 0.18 0.23 0.25 0.34 1.1 1.3 
a) Concentrations were determined by corrected GC-MS signal areas of the molecular ion in the SIR or full scan mode. Aromatic parameters are based ~absolute compound concentrations 
and are defined as follows (for compound abbreviations see Appendix lV): DNR-1 = (2,6-DMN + 2,7-DMN)/(1,5-DMN); DNR-6 = (2,6-DMN + 2,7-DMN)/(1 ,4-DMN + 2,3-DMN); TNR 
= 2,3,6-TMN I (1,3,5-TMN + 1,4,6-TMN); TNR-2 = (1,3,7-TMN + 2,3,6-TMN)/(1,3,5-TMN + 1,3,6-TMN + 1,4,6-TMN); MPI-1 = 1.5•(2-MP + 3-MP)/(Phen + 1-MP + 9-MP); MPR = 
2-MP/1-MP; MPDF (Methylphcnanthrene Distribution Factor)= (3-MP + 2-MP)/(3-MP + 2-MP + 9-MP + I-MP); DPR = (2,6-DMP + 2,7-DMP + 3,5-DMP)/(1,3-DMP + 1,6-DMP + 
2,5-DMP + 2,9-DMP + 2,10-DMP + 3,9-DMP + 3,10-DMP); MDR = 4-MDBT/1-MDBT. DNR-1, TNR-2, MPR, MPI-1 , DPR and MDR as defined in Radke el al. (1986). PAH/MePAH 
ratios (Naph!MN; BiPh/MeBP e.t.c.) determined using absolute concentrations of the parent compound and the sum of all methylated isomers. 
b) Triaromatic steroids were measured by GC-MS (SIR) monitoring rnlz = 231 and monoaromatic steroids monitoring rnlz::: 253. Peak areas are uncorrected. TA/(TA+MA): TA{triaromatic 
steroids)= C20-TA + C21-TA +I: (C26 to C28-TA 20(S+R)); MA (monoaromatic steroid)= C21-MA + C22-MA; higher rnonoaromatic steroids were not included in this ratio as they were 
below detection limit in most samples. 
c) TA-1/TA-I+II = (C2o·TA + Cz,-TA)/(C20-TA + C21-TA +I: (C26 to C2s·TA 20(S+R))). 
d) Relative methyladamantane and methyldiamantane concentrations were determined by GC-MS in SIR mode using uncorrected signals m/z = 135 and 187, respectively. Methyladamantane 
Index MAl = 1-MA/(1-MA + 2-MA); Methyldiamantane Index MDI= 4-MD/(1-MD + 3-MD + 4-MD). Values in italics might be affected by coeluting signals. 
e) '-• =not detectable; ' ' = not measured. 
f) Monoaromatic steroids were below detection limit. '>' indicates that the given number is a minimum value. 
g) ez~ triaromatic steroids were below detection limit. '>' indicates that the given number is a minimum value. 
h) Mobil, Canberra 29.5.2000. 
Aromatic hydrocarbons and dibenzothiophenes 
The aromatic hydrocarbon distributions of the late Archean bitumens fall into two 
distinctive groups. The first group includes all samples from the Fortescue Group and 
the Marra Mamba Iron Formation (lowermost Hamersley Group) (Fig. 3-lOA and B). 
These samples predominantly contain aromatic hydrocarbons with molecular masses 
up to phenanthrene while higher polyaromatic hydrocarbons (PAH) occur only in 
trace abundance or are below the detectiotffunit. The concentration of parent P AH is 
low relative to the concentration of methylated homologues (MePAH) (see 
PAH!MePAH ratios in Table 3-3 and compare black and white bars in Fig. 3-10). 
Similar aromatic hydrocarbon compositions are common in most Proterozoic and 
Phanerozoic bitumens and oils. 
The second group includes all samples (except Rae2) from the Hamersley Group at 
Mt Tom Price and Mt Wbaleback. Parent polyaromatic hydrocarbons are much more 
abundant than methylated homologues, and aromatic compounds with two or more 
substituents occur only in very low abundances (Fig. 3-lOD; compare also Figs. 5-l 
to 5-3). PAH/MeP AH ratios are mostly greater than one and exceed 100 in some 
samples (Table 3-3). Moreover, PAH with molecular masses greater than 
phenanthrene occur only in very low r~Lative concentrations . 
.::;: 
.. ,
3.2.3. Carbon isotopic composition of individual hydrocarbons and kerogen 
Table 3-4 presents the carbon isotopic compositions of kerogen and individual 
hydrocarbons for a suite of the Archean samples. Kerogens from mudstones of the 
Mt McRae Shale and the Brockman Iron Formation, both Hamersley Group, fall into 
the range o13Ckerogen = -32 to -35%o vs PDB. Kerogens of the upper Fortescue Group 
to lowermost Hamersley Group are isotopically very light with o13Ckero,gen = -37 to 
-47%o. These o13Ckerogen values are typical for rocks of the Fortescue and Hamersley 
Group (Hayes et a/., 1983). The carbon isotopic composition of individual n-alkanes 
in samples of drillcore WRL-1 is graphically summarized in Fig. 3-11. o13C values 
cluster in two groups, the first centered about -26%o and the second about -28 to 
-29%o. In four samples ofWRL-1 (Harl, RoylO, Royll and Mam2), n-alkanes with 
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Figure 3-10. Absolute concentrations of parent and monomethylated aromatic hydrocarbons and 
dibenzothiophene. Black bars: unsubstituted parent compounds. White bars: the sum of all isomers of 
the corresponding monomethylated homologues. The y-axis indicates absolute concentrations in ppb· 
(ng per gram of extracted rock). (A) Sample Roy/0 from drillcore WRL-1, Jeerinah Formation. 
Fortescue Group. (B) Sample Maml from drillcore WRL- 1, Marra Mamba Iron Formation, 
Hamersley Group. (C) Diesel fuel. (D) Sample Rae/ from drillcore 01185-81 from Tom Price, Mt 
McRae Shale, Hamersley Group. 
an even number of carbon atoms (C14 to C20) are slightly depleted in 13C relative to 
homologues with an odd number of carbon atoms. 
In Fig. 3-12 the 813C values of kerogen (squares) are graphically compared to those 
ofn-alkanes (circles) and acyclic isoprenoids (triangles). In the Mt McRae Shale and 
Brockman Iron Formation n-alkanes are isotopically enriched in 13C relative to 
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kerogen by 2 to 6%o, and in the upper Fortescue to lowermost Hamersley Group by 
11 to 21 %o. In all extracts the acyclic isoprenoids pristane (Pr) and phytane (Ph) are 
depleted in 13C by,...,() to 3%o relative to n-alkanes. In a limited number of bitumens 
from the Mt McRae Shale at Mt Tom Price it was possible to determine 813C of 
individual aromatic hydrocarbons (Table 3-4). The carbon isotopic composition of 
unsubstituted PAH in Mt McRae shale samples Rae] and Bee] was 813CAro "" -30 to 
-34%o and therefore similar to the ke~en (813Ckerogen = -32.0 to -35.5%o). 
Concentrations of sterane and hopane biomarkers were too low for isotopic ratio 
measurements. 
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Figure 3-11. Plot of the carbon isotopic composition (o13C in %o vs PDB) of individual n-alkanes of 
' 
samples from drillcore WRL-1 (Fortescue Group to lowermost Hamersley Group). 
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Figure 3-12. Comparison of o13C of kerogen (squares), average of all n-alkanes (circles), and acyclic 
isoprenoids pristane (Pr) and phytane (Ph) (triangles) for samples of the Fortescue and Hamersley 
Groups. 
~ 
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3.2.4. Biodegradation 
Mild biodegradation of bitumen results in lo~s of n-alkanes relative to branched and 
cyclic hydrocarbons. Commonly, increases in the UCMs and the Pr/n-C17 ratio are 
observed. According to these criteria, the only bitumen that has suffered possible 
light biodegradation is outcrop sample Rae3 from Mt Whaleback (Fig. 3-1 ). 
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Table 3-4. Stable carbon isotopic composition• of kerogens and individual hydrocarbons. 
Kerogen n-Cae n-Cu n-Cu n-Cu n-c •• n-Cas n-Ca, n-Cn n-Caa n-Ca, 
Wyloo Group 
Duel -31.6 -
- - -
-27.5 -27.9 
Hamersley Group 
Mt Tum Price and Mt Whaleback Mines 
Rael C32.2 -27.8 -26.8 -26.6 -27.5 -27.3 -26.3 
- -
-
Rae2 -32.8 
Beelb -33.5 -28.0 -26.4 -27.0 -27.7 -27.2 -27.2 -27.5 -27.9 -29.0 
-
Dall -32.0 - -26.2 -27.2 -27.5 -27.4 -28.8 -29.0 -29.1 -29.8 -29.0 
Rae6c 
Rae3 -34.6 
Wittenoom area ' (i 
Mam2 -41.3 -27.6 -27.6 -27.9 -28.7 -28.3 -29.5 -28.8 -29.0 -28.4 -29.0 
Maml -46.8 
-
-27.8 -26.2 -25.6 -27.0 -26.2 -26!2 : _-26.5 -26.6 
Fortescue Group 
Royl -39.5 
- - -
-28.0 -27.9 -28.6 -27.0 -16.2 -16./ -26.9 
Roy tO -40.3 -28.0 -27.5 -27.9 -27.3 -28.1 -29.2 -28.5 -29.1 -28.5 -29.4 
Roy2 -39.6 
- - -
-28.1 -30.9 -27.4 -26.0 -27.4 -27.1 
Royll -41.5 -27.7 -27.6 -27.4 -27.6 -28.3 -28.9 -28.4 -28.5 -28.3 -29.0 
Roy3 -41.1 
-
-26.4 -27.5 -27.3 -29.4 -27.4 -27.0 -26.3 -26.4 
WarS -44.6 Get 
Warl -37.1 
Hart -32.9 
- -
-26.0 -26.0 -25.7 -26.0 -25.3 -26.2 -26.1 -26.8 
n-C11 n-C11 n-Cu n-Cu n-Cl( Pr Ph Napb BiPit Ph en 
- - - -
- -34 -35 
- - - -
-28.7 -31.0 -30.0 -33.0 -3 1.9 
-29±1 -28.7 -27.9 
-
-30.3 -29.8 
-30.4 -33.8 
-30.0 -27.6 -
-
-19.0 
-26.8 -26.9 -26.8 -27.2 
-
-28.8 -29.6 
~ 
-26.8 -17.1 -27.6 
- -
-29.4' 
-29.5 
-27.4 
- -
-
-
-29.8 
-27.6 -28.3 
- -
-29.8 -30.1 
-28.7 - - - - -30.1 -30.6 
-26.2 -262 
- - -
-18.9 -28.8 
-25.9 
- -
-27.2 -26./ 
continued next page 
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Table 3-4. cont. 
Kerogen n-Cu n-Cu 
Fortescue Group (cont.) 
War2 -47.4 
Tum I -46.5 
-
FVGI -44.1 
FVG2 -45.6 
-
TQPl -37.7 
TQP3 -37.1 
-
Gorge Creek Group 
Cor:Z 
Cor4 
CorS 
-30A 
-30.6 
-30.6 
-
-
n-Cu n-Cu 
-28.7 -28.2 
-
-28.0 
- -
n-C14 n-Cu n-Cu n-Cu n-c •• 11-C" 
-28.4 -27.7 -27.2 -27.6 -28.1 
-27.5 -27.3 -27.5 -27.3 -27.7 -28.0 
-26.7 -27.1 -26.5 -26.7 -27.5 -
-26.7 -27.7 -27.3 -26.6 -28.0 -30.4 
-26.5 -27.9 -26.7 -28.4 -29.9 
-27.8 -28.1 -27.7 -27JI(; -31.6 
11-C1, n-ell n-Cu n-Cn n-C24 Pr Ph Naph BiPh Ph en 
-27.5 -27.5 -27.8 
-
-28.6 -29.1 
-28.4 -27.3 -26.9 -27.0 -27.6 -28.3 -31.4 
-28.8 -27.2 -27.1 -27.1 
-26.5d -29.1 -28.9 
-29.8 -29.5 
-30.1 -35 
-29.6 -34 
a) All carbon isotope values o13C are vs PDB in %o notation; '-'=not measurable; ' '=not measured. Statistical error ±O.I%o for kerogen, ±0.4%o for n-alkanes and acyclic isoprenoids, and 
. . . 
±l%o for aromatic hydrocarbons. Values in italics are possibly affected by coeluting signals or an uneven baseline, and have an unknown error. See Ap~ndix 11 for analytical details. 
b) Beel: o13C (methylnaphthalenes) = -30.9%o; o13C (dibenzofuran) = -309'oo; o13C (fluorene)= -29%o; o13C (phenylnaphthalenes) = -33%o. ~ 
c) Rae6: o13C (methylnaphthalenes) = -28.89'oo; o13C (dimethylnaphthalenes) = -28%o; o13C (methylbiphenyls) = -309'oo; o13C (fluorene)= -29%o; o13C (phenylnaphthalenes) = 
-33%o. 
d) 13C(n-C25) = -27.0%o; 13C(n-C26) = -26.8%o. 
3.2.5. Bitumen thermal maturity 
n-Alkane distribution 
n-Alkanes in most late Archean bitumens have a condensate-like distribution, such 
that low molecular weight n-alkanes are very abundant, and the concentration of 
higher homologues decreases rapidly with' increasing carbon number (Fig. 3-1). 
Their distribution, is for instance, very smifl~ to a South Texas gas-condensate that 
exists at a present day temperature of -200°C and has been reservoired at this 
temperature for a period of ~30 million years (McNeil & BeMent, 1996). Therefore, 
the n-alkane profile of the Archean bitumens is clearly consistent with extreme 
thermal conditions (-200°) and a maturity in the wet-gas zone. 
Methyldiamondoid indices 
Chen eta/. (1996) introduced the methyladamantane index (MAl= 1-MA I (1-MA + 
2-MA)) and the methyldiamantane index (MDI= 4-MD/ (1-MD + 3-MD + 4-MD)) 
to measure !}le maturity of overmature crude oils and condensates. The authors found 
good linear relationships between ~ MDI and vitrinite reflectance in the range 
R, = -1.1 to - 1.9% for samples .;from ·two Chinese basins, including mudstones, 
carbonates and coals (Table 3-5). It should be noted that the methyldiamondoid 
maturity parameters show little correlation with vitrinite reflectance for Ro > 1.9%. 
A case study by Jinggui et a/. (2000), for example, has shown that MDI fluctuates 
between 38% and 65% in sedimentary rocks with Ro > 1.9% and does not correlate 
with burial depth. 
Diamondoids in bitumens from the Fortescue Group and lowermost Hamersley 
Group have low signal-to-noise ratios. Therefore, MAI and MDI were only 
measurable for a limited number of samples (Table 3-3). Thermal maturities 
calculated from MDI and MAl using the Chen scale in Table 3-5 yield vitrinite 
reflectance equivalents R = 1.2 to > 1.9%, approximately corresponding to the late 
stages of oil generation to the wet-gas zone. Concentrations of diamondoid 
hydrocarbons in most bitumens from the Hamersley Group at Mt Tom Price and Mt 
Whaleback are more than ten times higher than in the other Archean samples, and 
MAI ranges from 70 to 97%, consistent with reflectances R> 1.3% to R>>2% and 
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corresponding to thermal maturities in the wet-gas zone and possibly the dry-gas 
zone. MDI in Mt Tom Price and Mt Whaleback samples is approximately 60%, also 
indicating maturities in the wet-gas and possibly the dry-gas zone. 
Bitwnen Rae6 from the Mt McRae Shale at Tom Price exclusively consists of 
diamondoids, parent P AH and minor concentrations of alkylated P AH. Aliphatic 
hydrocarbons were not detected in this unusual sample. Saturated hydrocarbon 
fractions entirely composed of diamondoidi were also reported in condensates from 
deep subsurface dry-gas reservoirs in the Gulf of Mexico (Dahl et a/., 1999). 
Diamondoids are highly stable molecules that become concentrated in oil and gas by 
preferential degradation of other components (Dahl et a/., 1999). Therefore, the 
preservation of residual diamondoids in Mt McRae shale Rae6, together with the 
total destruction of all other saturated components, suggest a thermal maturity in the 
dry-gas zone. 
Table 3-5. The relationship between the methyladamantane index (MAl), the methyldiamantane index 
(MDI) and vitrinite reflectance (R,) determined for samples from two Chinese basins8 • 
MAl[%] MDI[%] 
50-70 30-40 
70-80 .;:; . "40-50 
. ' 
80-90 50-60 
> 90 >60 
a) Adopted from Table 3 in Chen eta/. (1996). 
Sterane and hopane isomer ratios 
R., [%] 
l.l-1.3 
1.3-1.6 
1.6-1.9 
> 1.9 
Sterane and hopane isomer ratios conventionally used to assess thermal maturity 
apparently reach their end-values within the oil-generation window and therefore can 
not be used to evaluate overmature bitumens and gas-condensates. I{owever, the 
consideration of sterane and hopane parameters can be used to assess possible 
contamination from less mature organic matter. In all Archean bitumens the epimer 
' 
ratio 22S/(22S+22R) for extended 17a(H),21 J3(H)-hopanes is at the doc~ented 
thermodynamic end-point of- 0.6 (Table 3-2; cf. Peters & Moldowan, 1993). The 
hopane rearrangement ratio Ts/(Ts+Tm) ranges from ,..,0.4 to 0.6 for all Archean 
bitumens, significantly below the documented maximum of 1.0. The maxmmrn 
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value, as suggested by Peters & Moldowan (1993), is an indicator of maturities in the 
late stage of oil generation. However, the controls on Ts/(Ts+Tm) are poorly 
understood. Evidence from pyrolysis experiments and from a suite of natural samples 
with a wide range of thermal maturities suggests that Ts/(Ts+Tm) becomes 
established at values <1 during diagenesis but then appears to remain constant with 
increasing thermal maturity (Peters eta/., 1990). For example, Ts/(Ts+Tm)::: 0.5 was 
measured for a South Texas gas-condensate{ that exists at present day temperatures of 
200°C (McNeil & BeMent, 1996). The Ts/(Ts+Tm) values found in the late Archean 
bitumens are therefore not inconsistent with a thermal maturity in the wet-gas zone. 
The C27 to C29-sterane isomer ratios 20S/(20S+20R:) and a.~~/(a.~f3+aaa) have 
reported thermal equilibrium values of -D.55 and ....0. 70 respectively, and these 
values are apparently reached close to the peak of oil generation (Peters & 
Moldowan, 1993). In Archean bitumens the sterane ratios show large variations, 
even between samples collected from the same drillcore (20S/(20S+20R) = 0.6 ± 0.2 
and a~f3/(a.f3f3+a.aa.) = 0.55 ± 0.1; Table 3-2). Thus, the isomer ratios are below the 
recorded maximum values in some samples, while they are above the recorded 
maximum in others. Similar fluctuations were detected in overmature bitumens close 
to volcanic intrusions (Raymond & M;urchison, 1992). Inversion of 20S/(20S+20R) 
and a~~/(a~f3+aaa) to lower vaffres was also observed in pyrolysis experiments at 
temperatures above 300°C (Peters et a/., 1990). The sterane and hopane maturity 
parameters are therefore consistent with, albeit not indicative of, maturities in the 
wet-gas zone. 
Mono- and triaromatic steroid maturity parameters 
Maturity parameters based on mono- and triaromatic steroids may be used to assess 
. thermal maturity of bitumen above the oil generation window (Mackenzie et a!., 
1981). With increasing thermal maturity C-ring monoaromatic steroids (MA) 
undergo aromatization to triaromatic steroids (T A) and the degree of aromatization is 
measured by the ratio TA/(TA+MA) (Table 3-3; Fig. 3-13). Most Archean bitumens 
have TA/(TA+MA) > 90%, consistent with maturities in the wet-gas zone 
(Mackenzie eta!., 1981; Peters et al., 1990). 
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A 
Angola #004 
TA-1/(TA-I+TA-11) < 5% 
immature 
B 
Jabiru #530 
TA-1/(TA-I+TA-11) • 59% 
mature 
c 
Roy10 
TA-1/(TA-I+TA·II) = 96% 
overmature 
50 
TA(I) 
m/z = 231 
. ..,..(· 
c22 
20S+R 
~ 
54 58 
Cv 
20R 
c2620R+ I c2a 
Cv20S C28 20R I 20S 
q)l 
62 
x20 
min 
Figure 3-13. Distribution of triaromatic steroid_s in GC-MS rnlz ::: 231 selected ion chromatograms. 
(A) An immature Phanerozoic oil (Angola · AGS0#004), (B) a mature Phanerozoic oil (Jabiru 
AGS0#530) and (C) sampleRoyJO from drillcore WRL-1, Jeerinah Formation, Fortescue Group. The 
inset in (C) is a 20x magnification of the elution range of c26 to c28 triaromatic steroids. 
Thermal cracking of the side chain of C26 to C28- triaromatic steroids (T A-II) leads to 
the generation of degradation products with 20 to 21 carbon atoms (TA-I) and the 
resulting maturity parameter TA-V(TA-I+TA-II) is apparently sensitive for thermal 
maturities above the oil-generation window (Riolo et al., 1985). The distribution of 
ti-iaromatic steroids in the transition from immature to mature to .overmature 
petroleum is illustrated in Fig. 3-13. In most Archean bitumens the destruction of 
C26 to C2s-triaromatic steroids is close to complete (Fig. 3-13C) and 
TA-V(TA-I+TA-II) parameters are > 90% (Table 3-3). Values in this range, 
according to Peters & Moldowan (1993), indicate thermal maturities in the wet-gas 
zone. Lower values in sample Tum] from drillcore SV-1 (76%) and Bee] from Mt 
Tom Price (78%) might indicate slightly lower thermal maturities. The low 
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triaromatic steroid parameters for samples from drillcore FVG-1 (50 to 60%) 
possibly indicate petroleum within the oil window and are therefore potentially 
inconsistent with the thermal history of the host rock. 
Aromatic maturity parameters 
Ratios of aromatic hydrocarbons and d1beJ!~thiophenes are frequently used to assess 
maturity in petroleum chemistry (Radke et a!., 1982a). However, the application of 
maturity parameters based on naphthalenes, phenanthrenes and dibenzothiophenes to 
bitumen of Archean age is problematic because aromatic maturity parameters are 
strongly source dependent and require calibration for organic matter type (Radke et 
al., 1986). However, calibration is not available for Paleoproterozoic to Archean 
kerogens (Boreham et al., 1988). Moreover, the behavior of aromatic isomer ratios in 
overmature source rocks is poorly understood. At very high maturities, some ratios 
have been shown to reverse trends (Radke et a!., 1982b) or become unpredictable 
(Raymond & Murchison, 1992). Hence, the ability of aromatic hydrocarbons to 
assess the thermal maturity of bitumens extracted from Archean metasediments at 
various locations and environmental settings is limited and it was not possible to 
compare different aromatic maturity.-parameters or correlate aromatic maturity 
.._, . 
parameters and maturity-controlled biomarker ratios. However, in some specific 
instances, the methylphenanthrene index (MPI-1), the methylphenanthrene ratio 
(MPR), the methylphenanthrene distribution factor (MPDF), the methyldibenzothio-
phene ratio (MDR) and ratios of unsubstituted to monomethylated aromatic 
compounds (P AH!MeP AH) might be useful for indicating ovennature or pyrolyzed 
bitumen. But, before discussing the application of these maturity parameters to 
Archean bitumen, factors that control phenanthrene and P AH!MeP AH ratios at very 
high maturities are briefly reviewed. 
The methylphenanthrene index (MPI-1 = 1.5 * (2-MP + 3-MP) I (Phen + 1-MP 
+ 9-MP)) apparently reaches its maximum value at a vitrinite reflectance equivalent 
ofR = 1.7% but decreases with higher maturities (Boreham eta/., 1988; Radke eta/., 
1982a). This trend "reversal" is related to demethylation of methylphenanthrenes to 
phenanthrene. Hence, low MPI-1 values can be indicative of immature as well as 
highly mature bitumen. A reversed MPI-1 can be recognized by high 
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phenanthrene/methylphenanthrene ratios (Phen!MP>1) (Table 3-3). A second factor 
influencing MPI-1 and MPDF (MPDF = (3-MP + 2-MP) I (3-MP + 2-MP + 9-MP + 
1-MP)) is the kinetically controlled methylation ofphenanthrene in the 9-position. At 
low temperatures phenanthrene reacts with methyl donors to yield predominantly 
9-methylphenanthrene (Alexander et a!., 1995). Overmature bitumen with high 
relative concentrations of phenanthrene might therefore also contain high relative 
concentrations of9-methylphenanthrene rettillting in 9-MP/1-MP ratios > 1 and lower 
MPI-1 and MPDF values (Fig. 3-14, Table 3-3). 
A 2-MP 
3·MP 
B 
..:;: 
· ' 
9--MP 
11-MP 
Figure 3-14. GC-MS partial mass-chromatograms rnlz = 192 of the isomer distribution of 
metbylphenanthrenes (MP). (A) MP isomer distribution after laboratory equilibration at 520°C 
(sample Bee], Mt McRae Shale, Tom Price). (B) Distribution ofMP isomers in bitumen from sample 
Rae6, Mt McRae Shale, Tom Price. The elevated concentration of 9-MP was probably caused by 
kinetically controlled methylation of phenanthrene (see text). 
The kinetically controlled methylation of phenanthrene to 9-methylphenanthrene is 
observed in many Archean bitumens, especially those from Mt ·Tom Price 
(Table 3-3). As methylat~on of phenanthrene occurs at low temperatures (Alexander 
et a!., 1995), the generation of 9-methylphenanthrene in metamorphosed Archean 
samples must have occurred in the post-metamorphic cooling period. The post--
metamorphic alteration of the methylphenanthrene distribution can be estimated by 
monitoring the 9-MP/1-MP ratio that should have been close to one at peak 
temperatures and might then have increased during the cooling period (Table 3-3). 
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Less affected by demethylation and methylation reactions than MPI-1 and MPDF is 
the methylphenanthrene ratio (MPR = 2-MP I 1-MP). Therefore, MPR might be the 
most reliable phenanthrene parameter for overmature bitumen. Ratios of parent to 
monomethylated polyaromatic hydrocarbons (P AH/MeP AH) are not usually applied 
as maturity parameters but are potentially indicative of extreme maturities and 
pyrolytic conditions. Thermal decomposition of alkylated aromat~cs leads to 
progressive loss of side chains and an nwease in the concentration of the parent 
compounds (Price, 1993; Radke et al., 1982a). 
Maturity parameters based on phenanthrenes in late Archean samples from drillcores 
WRL-1 and FVG-1 (Fortescue Group to lowest Hamersley Group) indicate 
maturities within the oil generation window when standards for younger source rocks 
are applied (Boreham et al., 1988; Radke et al., 1986). Equations (3) and (5) in 
Bareham et a/. (1988) can be used to estimate vitrinite reflectance equivalents (Rc) 
from MPDF and MPI-1. If applied to the Archean bitumens from WRL-1 and 
FVG-1, R: = 0.7 to 1.1% can be calculated, values that are roughly equivalent to 
early to late stages of oil generation. 
Applying the same, possibly inadequa:t~. standards to sample Tuml from drillcore 
~ 
SV-1, lower Fortescue Group, a substantially higher maturity is inferred compared to 
samples from WRL-1 and FVG-1. The ratio Phen/MePhen = 1.5 indicates that MPI-1 
= 0.46 is reversed (see explanation above) and consistent with a high thermal 
maturity. Applying equation (5) in Bareham eta!. (1988), a reflectance equivalent of 
R: = 2. 7% can be estimated. This result is also supported by a high 
methylphenanthrene ratio (MPR = 1.9) and methylphenanthrene distribution factor 
(MPDF = 0.61) (Table 3-3). 
It is interesting to compare phenanthrene maturity parameters of sample Tuml with a 
sample from the Jurassic Posidonien Schiefer in Northwest Germany (sample E15 in 
Radke et a!., 1986) that was metamorphosed by a volcanic intrusion (Table 3-6). 
Although the kerogen and bitumen maturity indicators of E15 are consistent with a 
maturity in the wet-gas zone, all maturity parameters of Tuml point to a still higher 
maturity (Table 3-6). This interpretation is supported by the extract yields of Tuml 
and E15. Tuml contains= 0.1J.tg phenanthrene per gram of kerogen and E15 0.5J.tg/g, 
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Table 3-6. Aromatic maturity parameters and vitrinite reflectance for sample Tuml from the Tumbiana 
Formation, Fortescue Group, and sample El5, a contact metamorphosed shale from the Jurassic 
PosidonienSchiefer in Northwest Germany. 
Phen/MP8 MPI-lb MPRe ~1%]3 Rm [o/o)e 
E151 0.8 0.76 1.5 2.6 2.5 
Tuml 1.5 0.46 1.9 2.7 
a) Phen!MP = Phen I (l·MP + 2-MP + 3-MP + 9-MP). b) MPI-1 = 1.5*(2-MP + 3-MP) I (Phen + 
I-MP + 9-MP). c) MPR = 2-MP/1-MP. d) Calculated vitrinite reflectance equivalent Rc [%] = 
-0.55*(MPI·l ) + 3.0 (eq. 5 in Boreham eta!., 1988.)~ Rm =measured vitrinite reflectance. f) Radke et 
a!. (1986). 
while total bitumen-yields per gram of ker~gen in the contact-metamorphosed E15 
are one order of magnitude higher than in the Archean mudstone Tuml (Radke eta/., 
1986). This comparison suggests that the aromatic hydrocarbon composition of Tuml 
is consistent with a maturity equivalent to reflectances >2.5% (Table 3-6) and 
therefore in the wet-gas zone (Fig. 1-3). 
The aromatic hydrocarbon fractions from the Hamersley Group at·Mt Tom Price and 
Mt Whaleback show characteristics of pyrolytic alteration. In all samples, except 
one, most PAH/MePAH ratios are >>I (Table 3-3), indicating maturities in the wet-
gas zone or higher. Consistent with this interpretation are the very low inverted 
methylphenanthrene indices MPI-~ = o.J4 to 0.06 equivalent to reflectances Rc > 3% 
_, 
(Boreham et a/., 1988). High relative concentrations of parent versus alkylated PAH 
have been observed in modern and fossil hydrothermal environments (Simoneit, 
1993), in proximity to volcanic intrusions (George, 1992) and in association with 
copper mineralization (Piittmann et al., 1988). Shales collected at Mt Tom Price and 
Mt Whaleback are closely associated with large deposits of secondarily enriched iron 
ore. It seems therefore likely that there is a connection between the mechanisms of 
iron remobilization and the generation of high concentrations of unsubstituted P AH. 
This is explored in more detail in Chapter 5. 
3.2.6. Arguments for and against syngeneity 
The contamination problem 
The history of the search for molecular fossils in early Precambrian rocks outlined in 
Chapter 1 brings one problem clearly into focus: traces of non-indigenous and 
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anthropogenic hydrocarbons frequently occur in geological samples. Hydrocarbons 
can be introduced into samples during laboratory procedures, during drilling and 
storage, as well as in situ during post-Archean geological history. 
Contamination of the Archean samples in the laboratory could have arisen at any 
point during sample preparation, extraction and fractionation, particularly by cross· 
contamination from more organic-rich samples. Petroleum products of anthropogenic 
origin could have been introduced into ·11\e Archean rocks during drilling, saw 
cutting, storage and handling. More obscure but potentially serious sources of 
~ontamination are airborne combustion products, fuel droplets and diesel vapor that 
could accumulate on samples stored over several years. Diesel exhausts are 
ubiquitous in the environment and have even been detected in glacier·ice at an 
altitude of 7000m (Xie et al., 2000). Mining equipment driven in Mt Tom Price 
bums several thousand liters of diesel oil each day, and the exhaust products are free 
to settle on outcrop material and on drillcore samples in the open core·storage 
building. Analysis of the exhausts from one of the trucks used in Tom Price revealed 
a hydrocarbon distribution very similar to unburned diesel fuel (Fig. 3-15). The same 
hydrocarbon pattern could also be detected in dust that had accumulated on a sample-
tray in the Tom Price core shed. Th~refore, surficial accumulation of airborne 
petroleum products on the Arche~:-rock samples is not implausible. 
Contamination might also have occurred in situ before the rock was drilled and 
collected. For example, subsurface biological activity or circulating ground water 
might have carried biomolecules into the Archean host rocks and a subsequent 
heating event might then have transformed these biolipids into molecular fossils. A 
source of contamination which is potentially very difficult to distinguish from 
syngenetic bitumen is petroleum that was expelled from younger source rocks and 
that penetrated the Archean terrain. 
Thus, any report claiming the discovery of Archean biomarkers requires · a detailed 
discussion of syngeneity. Therefore, arguments for and against the different sources 
of contamination are considered in the f?llowing sections. 
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Figure 3-15. Gas chromatograms of (A) typical ~iesel fuel and (B) the solvent extractable component 
of the exhaust of a diesel engine (a new truck) rimning on the fuel shown in (A). 
,_, . 
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Laboratory procedural blanks 
Procedural blanks were run parallel to each set of five samples in order to monitor 
laboratory introduced contamination. Aromatic and saturated hydrocarbons in blanks 
were always below GC-FID detection limit. Scanning by highly sensitive GC-MS-
MS, however, revealed traces of sterane and hopane biomarkers in the blanks. The 
influence of this background contamination was monitored by calculating the 
concentration of individual biomarkers in samples relative to their concentration in 
the blank (extract/blank ratio) (Table 3-7). For example, an extract/blank ratio of 
3100 for C21-~a-20S-diasterane in Roy! indicates that this particular compound is 
3100 times more abundant in the rock extract than in the procedural blank. 
Biomarker parameters in samples where one or more compounds have an 
extract/blank ratio <20 are shown in italics in Table 3-2 and were not used in the 
present study to characterize samples. The concentration of sterane and hopane 
83 
biomarkers was high in most mudstones from the Fortescue and Hamersley Groups 
(extract/blank ratio >> 20) but negligible in samples wi1h low kerogen contents 
(Table 3-7). In kerogenous samples Rae3, Rae4, Rae6, War2 and Tuml, the 
extract/blank ratios were also <20 and so their biomarker data was consequently 
interpreted as potentially non-indigenous. Thus, procedural blanks have established 
that most biomarkers and other hydrocarbons in most analyzed samples are not 
laboratory artifacts buJ components of the $~pled rock. 
Table 3-7. Extract/blank ratios ([compound A in rock extract]/[ compound A in procedural blank]) for 
representative biomarkers from the Harnersley and Fortescue Groups. 
Hopanes Steranes 
Ts" C29-aJ3 Czr~a-20S Czs -a.cxa-208 Cz9 -aJ3~ 20(S+R) 
Dall 200 330 98 450 400 
Dal2* 20 36 15 27 18 
Rael 180 200 210 790 710 
Rae2 280 610 530 880 1000 
Rae6 I I 1 I I 
Beel 270 820 160 610 870 
Wall 410 220 370 300 450 
Rae3 4 7 12 7 5 
RaeS 52 74 33 23 49 
Rae4* 5 10· ~ 2 6 7 
.. 
Mam3* 80 110 39 36 64 
Mam2 130 170 130 79 120 
Maml 540 410 840 720 550 
Roy I 1000 980 3100 1400 1300 
RoylO 270 230 350 130 180 
Royl 100 170 1200 420 320 
Royll 410 330 500 190 330 
Roy3 300 230 820 450 340 
WarS 100 98 130 48 76 
Wart• 49 38 60 58 40 
Madl* 6 5 7 II 6 
Harl 46 71 59 47 44 
War2 JO 8 14 26 
.12 
FVGI 330 370 330 190 280 
FVG2 44 74 41 53 50 
Tum I 23 27 7 7 12 
a) Compound abbreviations are defined in Appendix IV. 
* Kerogen-free or kerogen-poor blank samples. 
84 
Comparison of kerogen-rich and kerogen-poor rocks 
Procedural blanks detect contamination introduced into rock extracts during 
laboratory procedures. To monitor contamination that was introduced into rock 
samples before laboratory processing, for example during collection, transport or 
rock powder preparation in ring mills, rocks devoid of kerogen (blank rocks) were 
analyzed along with the actual samples. Blank samples are volcanic or kerogen-poor 
sedimentary rocks collected at the same~outcrop or from the same drillcore as 
kerogen-rich source rocks. The results of blank rock analyses for drillcore WRL-1 
are graphically summarized in Fig. 3-16. Extracts from blank rocks (left panel in 
Fig. 3-16) have far lower extract yields than kerogenous samples (right panel in 
Fig. 3-16) and also do not contain light alkanes <C16. Results of bulk analyses, 
biomarker ratios and extract/blank ratios for some blank rock experiments are 
included in Tables 3-1 , 3-2 and 3-7, and identified by an asterisk (*). The absolute 
hopane and sterane concentrations per gram of extracted rock were one to two orders 
of magnitude lower in all blank rock experiments (except in kerogen-free mudrock 
Mam3) than in kerogenous host rocks (Table 3-1), a result also reflected by low 
extract/blank ratios (Table 3-7). The low extract yields and biomarker concentrations 
in blank rocks and high yields in k~rogen-rich rocks strongly suggest that the 
samples were not contaminated ~ing· sampling, cutting, transport or during rock 
powder preparation. 
A previous paper discussing the organic geochemistry of drillcore WRL-1 argued 
that blank-rock experiments can also be used to detect migrated petroleum and 
drilling additives (Brocks et a!., 1999). However, oil that had migrated into the 
Archean rocks or entered the samples during drilling might have preferentially 
evaporated from kerogen-free rocks during their extended storage period (the core 
WRL-1 was drilled in 1986). Hydrocarbons strongly adsorbed to kerogen, on the 
other hand, would have been protected against evaporative loss (Oehler, 1977). 
Therefore, blank rock experiments are best at detecting more recent contamination 
events. However, bitumen-like hydrocarbons in blank rocks that were geologically 
closely associated with kerogen-rich samples should not automatically be attributed 
to contamination. For example, blank rocks Mam3, Roy4 and Roy6 from WRL-1 
contain C17+ hydrocarbons with a distribution similar to adjacent highly kerogenous 
85 
Mam3 (x3) 
Grey mudstone 
0.0% TOC 
58 1m 
650m 
I • ~
Roy4 
Sandstone 
0.0% TOC 
Roy6 
Vein dolomite 
O.O%TOC 
War1 
Black ch&rt 
0.5%TOC 
Mad1 (x3) 
Basalt 
O.O% TOC 
I 
5 
1 
15 
1 
25 
...... 
• 
....... L I I I 
T 
35 
1 
45 
, 
670 
730 
760 
... 
·' 
790 
1815 
min 1835 
~ ' ! r: i Q. ~~~ 2 
:u! el ~ ~L~: ~ ~!z1~ ~1~1 CD 
Ei:::i:l ~ ~ i ~::~: 
! Co ~ 
l ::E l 
Jl"" 
Q) I ; 
::::t ! : ] l [ 
C/}1 i 
~~ ! 
~i f 
o:::i i 
"111 
i ~~ !ljlf 
~~ i ~ -~! : {! 
m i : 0 3:: ; l u. 
~ ~ 
I l ~ ! 
: : ~ ~ 
I : 
. ..... L_.j 
til l 
·
5 E l :g u.. l ~ l 
~~ ~ r 5 
n-C:r 
n-C:r 
n-C" 
n-C" 
n-C:r 
Mam2 
Black shale 
2..7%TOC 
Roy10 
Black shale 
3.7%TOC 
Roy11 
8la<:k shale 
11.4% TOC 
War5 (x3) 
Black shals 
6.9%TOC 
Har1 (x3) 
Datlt grey shale 
1.6% TOC 
, 
mln 
Figure 3-16. Drillcore WRL-1 showing gas chromatograms of saturated hydrocarbons at different 
depths (in meters). Chromatograms are identified by sample name and kerogen content of the host 
rock. Kerogen-poor samples are shown on the left and kerogen-rich samples on the right. Signal 
heights are normalized to absolute extract concentrations per gram of rock ('x3' indicates 
magnification by factor three relative to urunagnified chromatograms). 
shales (Fig. 3-16). It is possible that these hydrocarbons are residues of petroleum 
that was expelled from adjacent source rocks. 
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Comparison of kerogen and bitumen stable carbon isotopes 
Rock extracts from the Hamersley Group are enriched in 13C by 2 to 6%o relative to 
co-occurring kerogens, and bitumens from the upper Fortescue to lowermost 
Hamersley Group by 11 to 21o/oo (Fig. 3-12, Table 3-4). This is in contrast to 
Phanerozoic bitumens and oils that are typically 2 to 4%o lighter than the source 
kerogens (Hayes et al., 1983; Logan et al., 1997). Accordingly it has been argued 
that hydrocarbons extracted from Precambrtin rocks that are more than 2%o heavier 
than co-occurring kerogen are very likely not indigenous (Hayes et a/., 1983; 
Hoering, 1965; Hoering, 1966). However, more recent wo),'k indicates that 
indigenous Proterozoic bitumen is indeed frequently isotopically enriched in 13C 
relative to kerogen (Logan eta/., 1995; Logan eta!., 1997). For example, the 600Ma 
Pertatataka Formation contains C16-C2o n-alkanes which are up to 6%o heavier than 
kerogen (Logan eta/., 1999) and the terminal Proterozoic Huqf Formation contains 
C23+ n-alkanes enriched by up to 8o/oo (Hold et al., 1999). Although the isotopic 
disparity in many of the Pilbara Archean kerogen/bitumen pairs is more extreme than 
in other Precambrian samples, the carbon isotopic disparity might represent an 
important characteristic of many Archean and Proterozoic ecosystems rather than a 
fingerprint of contamination. A hypo~etical biological model for the isotopic 
disparity is described in Section 4.2JI.. 
Correlation between bitumen maturity and thermal history of the host rock 
A correlation between the composition of bitumens and the thermal history of their 
host rocks is a prerequisite for syngeneity. The samples of the Hamersley and 
Fortescue Groups h~tve experienced regional metamorphism to prehnite-pumpellyite 
facies corresponding to temperatures between 200 to 300°C (Chapter 2). Therefore, 
any preserved bitumens should have maturities ~ the wet-gas to dry gas zones 
(Chapter 1). Molecular indicators of thermal maturity for samples from different 
locations in the Hamersley Basin are ·summarized and compared in the following 
section. 
(1) Bitumens from drillcore WRL-1 (Fortescue Group and lowermost Hamersley 
Group) have a maturity in the wet-gas zone based on their n-alkane distribution 
and mono- and triaromatic steroid maturity parameters. Sterane and hopane 
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maturity parameters and methyldiamondoid ratios are also consistent with this 
interpretation. Maturity parameters based on aromatic hydrocarbons, on the other 
hand, suggest lower maturities, although these ratios are known to be somewhat 
ambiguous at high maturity levels. The composition of the saturated hydrocarbon 
fraction is thus largely consistent with the metamorphic history of the host rock. 
(2) Rock extracts from drillcore FVG-1 (Fortescue Group) have n-alkane 
distributions shifted to higher homologies in comparison to most other samples, 
as well as lower sterane and steroid maturity parameters. The compositions of 
extracts from FVG-1 correspond to a maturity within the oil generation window 
and are probably inconsistent with the metamorphic history of the host rock. 
(3) Sample Tuml from drillcore SV-1, lower Fortescue Group, was collected in one 
of the least metamorphosed areas on the craton. n-Alkanes are slightly shifted to 
higher molecular weights in comparison to WRL-1 but are consistent with a 
condensate after evaporative loss of lighter components. Mono- and triaromatic 
steroid ratios and maturity parameters based on phenanthrenes are consistent 
with a maturity in the wet-gas zone and appear consistent with the thermal 
history of the host rock. 
(4) Bitumens of the Hamersley Group :fkom Mt Tom Price and Mt Whaleback have 
-~ -
n-alkane distributions, mono~ and triaromatic steroid parameters, methyl-
diamondoid ratios, P AH/MeP AH ratios and phenanthrene maturity parameters 
indicative of maturities in the wet-gas zone. Maturities within the Mt Tom Price 
mine vary considerably. Mt McRae Shale sample Rae2 from Mt Tom Price has 
far lower P AH/MeP AH ratios and phenanthrene maturity parameters than most 
other samples, while Rae6 consists entirely of polyaromatic hydrocarbons and 
diamondoids indicating a maturity in the dry-gas zone. The thermal maturities of 
bitumens from Mt Tom Price and Mt Whaleback are probably consistent with the 
regional metamorphic grade but apparently also reflect local temperature 
differences possibly induced by hydrothermal activity or volcanic intrusions. 
The following list ranks the bitumens. from different locations in the Hamersley 
Basin with increasing apparent maturity: drillcore FVG-1 < drillcore WRL-1 ~ 
drillcore SV-1 -sample Rae2 (Mt Tom Price)< other Mt Tom Price~ Mt Whale-
back< sample Rae6 (Mt Tom Price). This order is based on a very limited number of 
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samples and is therefore tentative. However, apart from FVG-1, the order is 
consistent with regional models of metamorphism predicting that areas close to the 
southern orogenic margin of the craton (Mt Tom Price, Mt Whaleback) should have 
higher maturities than samples from areas further north (SV -1 and WRL-1) (Fig. 2-1, 
Table 2-2). The great variation of thermal maturities in bitumens from the giant iron 
ore deposit at Mt Tom Price is consistent with models suggesting that ore formation 
was controlled by hydrothermal processes ~:e&ley eta/., 1999; Chapter 5). 
The presence and distribution of age-diagnostic biomarkers 
Common characteristics of Phanerozoic bitumens and oils such as leaf waxes and 
biomarkers derived from higher plants were not detected in the Archean rock 
extracts, further discounting the probability of recent contamination. On the contrary, 
the extracts have signatures typical for bitumen of Precambrian age. The 2a-
methylhopane index (MHI) (Table 3-2) measures the abundance of 2a-methyl-
17 a(H),21 ~(H)-hopane ( C31-a~-Me) relative to C30-a~ hopane. High values 
apparently indicate a high relative contribution of organic matter derived from 
cyanobacteria (Summons et a/., 1999). Cyanobacterial input into most marine clastic 
environments in the Phanerozoic ~as ~datively low and so values for MHI range 
between -0 and 9% (Summons et a!., 1999). Cyanobacterial activity in evaporitic 
environments is commonly higher and MHI values in evaporites and carbonates 
frequently range between 10 and 25%. However, values >10% are also typical of 
Precambrian bitumens from both shale and carbonate (Summons et a/., 1999). The 
2a-methylhopane indices of most of the Archean rock extracts lie between 10 and 
17% (Table 3-2), consistent either with a Precambrian age or with Phanerozoic 
contaminants derived from evaporite or carbonate source rocks. The latter possibility 
seems unlikely as almost all extracts also have high diasterane to regular sterane 
ratios (Dia/Reg, Table 3-2) typical of clay-rich source rocks but unusual for 
evaporites and carbonates. 
In most Phanerozoic marine oils and bitUmens, and therefore in most potential recent 
contaminants, the alkanes n-C11 and n-C1s are depleted in 13C by 1 to 2%o relative to 
pristane and phytane (Logan et a/., 1997). An inversed carbon isotopic relationship, 
depletion of pristane and phytane relative to n-alkanes, has been reported for some 
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lacustrine Phanerozoic oils but is typical of Precambrian bitumens (Logan et a!., 
1997). All extracts from late Archean rocks analyzed here also show this inverse 
isotopic pattern with pristane and phytane depleted in 13C by .--() to 3%o relative to n~ 
alkanes. Although the inversion could be the result of contamination with petroleum 
or petroleum products of Phanerozoic lacustrine origin, the biomarker compositions 
of the Archean samples suggest that this is not the case. All extracts contain 24-n-
propylcholestane, which in Phanerozoic.~ils is an indicator of a marine algal 
contribution and does not occur in lacustrine settings (Moldowan et al., 1990). 
The analysis of age~diagnostic biomarkers and isotopic patterns thus shows that the 
late Archean rock extracts have compositions typical of Precambrian bitumen and 
contain no biomarkers indicative of younger contamination. 
Hydrocarbon concentration gradients in rock samples 
Syngenetic hydrocarbons and contaminants should have different spatial 
distributions within a rock sample. To analyze the distribution of compounds in the 
Archean shales, some drillcore samples were cut into millimeter thick slices and each 
slice was separately analyzed. The data from these experiments are too extensive to 
be presented in this section and the.results are therefore discussed in detail in Chapter 
" ' 
7. However, to allow a full discussion about syngeneity versus contamination, some 
conclusions are pre-empted here. 
In some drillcore samples from the Hamersley and Fortescue Groups, hydrocarbons 
are not homogeneously distributed in their host rock. Saturated and aromatic 
hydrocarbons of low molecular weight have gradually increasing concentrations 
from the surfaces of the rock to its center. In contrast, the abundance of higher 
molecular weight hydrocarbons decreases with distance from the outer surfaces 
(e.g. Figs. 7-1 and 7-2). Moreover, in samples from drillcore WRL~l ~he bulk of 
hydrocarbons are concentrated in the outer few millimeters close to the rounded 
surface that was exposed during drilling, but also close to surfaces that were cut later 
(Fig. 7-5). In Chapter 7 two hypotlieses to explain these inhomogeneities are 
discussed: 
(I) surficial contamination of rock samples by petroleum products and diffusion of 
hydrocarbons into the pore-space or into fissures; 
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(2) escape of indigenous wet-gas from host rocks as the result of pressure release 
during drilling (known as the 'live-oil effect'; Jackson eta!., 1986). 
With the available data, it is currently not possible to confirm or reject either of the 
two models. While surficial contamination is the easier explanation for some details 
of the concentration gradients (Chapter 7), only migration of indigenous condensate 
to the rock surfaces accounts for the presence of the same overmature, apparently 
Precambrian bitumen in a large set of ind~endent samples. Therefore, more detailed 
work on hydrocarbon distributions in rocks in general is required for a reliable 
interpretation of this phenomenon. 
However, the experiments described in Chapter 7 allow one unequivocal conclusion: 
the presence of condensate-like alkanes concentrated near a rock surface cut after 
drilling (slice a in Fig. 7-8) precludes the possibility that the core was contaminated 
by drilling additives. This is a crucial result, as drilling additives are the most likely 
source of liquid contaminants. Therefore, if the hydrocarbons in the Archean shales 
are non-indigenous, then they must have entered the samples after drilling or during 
handling or storage. 
Identification of potential contaw.in~tion sources 
Sedimentary rocks from eight independent drillcores collared by different 
companies, stored at different locations and sampled by different workers all contain 
very similar condensate-like hydrocarbons with typical Precambrian characteristics. 
Thus, contamination events with low probabilities of occurrence, such as spillage of 
petroleum or impregnation by stained sample containers, can be excluded. Generally, 
the more common sources of contamination are drilling additives, rock-sawing 
fluids, organics dissolved in water, and exhaust from diesel engines. Drilling 
additives were excluded in the previous section based on results present~d in Chapter 
7. The other sources can be excluded for the following reasons. Several analyzed 
shales with the typical bitumen composition were never cut by a rock-saw (e.g. Rae2 
in Fig. 3-1) and so cutting fluids are clearly not the hydrocarbon source. 
Although drillcores frequently come into contact with water, the aqueous solubility 
of saturated hydrocarbons is far too low to explain the observed extract yields. The 
GC-MS analysis of diesel-saturated water revealed that the main components are C1 
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to C4-phenols, Co to C3-naphthalenes, and Cs and C6-benzenes and minor quantities 
of phenanthrene and methylphenanthrenes. The amount of saturated hydrocarbons 
soluble in 2ml of water was below detection limit. Therefore, the hydrocarbons were 
clearly not carried into the samples in aqueous solution. 
Diesel exhausts are also an unlikely source for the hydrocarbons in the Archean 
shales for three reasons. 
~""./. 
(1) The n-alkane composition of diesel exhausts is not similar to the Archean rock 
extracts except for samples Tuml and FVGJ (compare Fig. 3-15B with Fig. 3-1). 
Light hydrocarbons with 9 to 12 carbon atoms are abundant in most Archean 
bitumens but are very low in diesel oil and exhaust. Moreover, sterane and 
hopane biomarker concentrations are commonly negligible in diesel fuel. 
(2) Although the composition of diesel is very different from most extracts, it could 
be argued that the contaminants migrated from the surface into the sample, 
concentrating lighter components by chromatography (see also Fig. 7-1). A 
simple calculation to estimate the quantity of diesel required to taint the samples 
also eliminates this possibility. Typical diesel fuel contains --0.25 wt-% of n-C11 
and sample RoylO from drillcore WRL-1 contains 0.20J.Lg n-C11 per gram of rock. 
To account for the n-Cu co~cen~ation in RoyJO, 8,000J.Lg of diesel exhausts 
would have to accumulate on 'a lOOg piece of rock. The concentration of n-Cu in 
Mt McRae Shale Rae2 is 34J.Lg/g and, according to the same consideration, 1.4g 
of diesel exhaust would be required to stain 1 OOg of the rock. These estimates are 
conservative, as evaporation of n-C, 1 from the sample surfaces or using n-C10 or 
n-C9 in the calculation would greatly increase the required minimum values of 
diesel exhaust contamination. It is highly unlikely that as much as 1 Omg/g diesel 
exhaust came into contact with the Archean rocks. Even spilled liquid diesel fuel 
could not account for these quantities. 
(3) Finally, it is hard to explain how traces of engine exhausts deposited on the rock 
surfaces, probably mostly adsorbed to soot particles, could migrate centimeters 
deep into a rock without any apparent mobile phase to act as a transportation 
medium. 
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So far it has been argued that the hydrocarbons extracted from Archean rocks are not 
laboratory artifacts and were probably not carried into the samples during drilling, 
cutting, handling or storage. The extracts are also thermally extremely mature, have a 
condensate-like alkane profile and a typical Precambrian signature. It is exceedingly 
unlikely that all samples collected from a wide range of independent locations were 
contaminated by anthropogenic petroleum products derived from an overmature, 
apparently Precambrian source. However, -~is still possible that the Archean host 
rocks were adulterated in situ by organic matter from another Precambrian source. In 
the remaining sections, contamination by circulating ground water, subsurface 
biological activity and, most problematic, migrated Precambrian petroleum are 
considered. 
Molecules introduced by circulating ground water or subsurface biological 
activity 
Subsurface biological activity or circulating groundwater carrying surficial biolipids 
might have introduced organic matter into the Archean host rocks. However, the 
hydrocarbons extracted from all samples clearly have a thermally mature petroleum 
signature. The rocks have not experience~ thermal events after peak metamorphism 
" (2.45 to 2.0Ga) capable of turning 'immature biolipids into highly mature geolipids. 
Therefore, the extracted hydrocarbons were clearly not derived from post-
metamorphic surface or subsurface biota. 
Adulteration of Archean rocks by younger migrating petroleum 
Petroleum expelled from a younger Precambrian source might have migrated into the 
Archean terrain and adulterated the sedimentary successions of the Fortescue and 
Hamersley Group. However, the youngest rocks in the depositional basin· belong to 
the -2.4Ga Turee Creek Group and younger petroleum-prone source rocks were 
never deposited over the top in sufficient thickness for hydrocarbon expulsion to 
occur. Drillcore WRL-1 is located centrally within the craton, at least 150km from 
the nearest post~Archean basin, so younger oils migrating laterally would have to 
travel long distances through deformed and metamorphosed Archean rocks that lack 
later cross-cutting craton-wide fractures. The sampling area extends from Wittenoom 
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(WRL-1) 200km to the southeast (DDH324 and DDH257), 100km to the southwest 
(Gll85-81, B26-7, G906, DE20/74) and 70km to the northwest (SV-1) (Fig. 1-1), 
with further bitumen occurrences of similar composition occurring 280km further to 
the northeast (J. Eigenbrode, personal communication). Bitumens were extracted 
from rocks collected at subsurface depths of more than 1800 meters in the center of 
the basin (Table 3-1). Therefore, petroleum adulterating the Archean terrain would 
have to penetrate almost the entire Hamer~~<W Basin and percolate down to great 
depths. Moreover, bedding-parallel permeability of black shale Roy3 and pyritic 
sandstone Roy4 from WRL-1 was below the detection limit ofO.Ol millidarcie. Thus, 
these rocks have probably been sealed to hydrocarbon migration -since they were 
metamorphosed 2.45 to 2.00Ga ago. Moreover, the physical mechanisms that could 
have driven easily adsorbed molecules like polyaromatic hydrocarbons into thick 
sections of highly compacted, partly silicified metashales remain obscure. 
Consequently, while adulteration of the entire late Archean terrain by overmature 
Proterozoic petroleum from a source outside the basin is not impossible, it is 
certainly highly unlikely. 
Pyrolysis 'experiments on Archean kerogens 
While it is often difficult to prove ihat 'molecules in a solvent extract are as old as 
their host rock and did not migrate from a different source, molecular structures 
covalently bound to the kerogen matrix are almost certainly syngenetic. Therefore, 
for younger and well-preserved samples, pyrolytic degradation of kerogen is an ideal 
method for analyzing indigenous structures. For most Precambrian kerogens and 
many overmature samples, however, closed system pyrolytic techniques have not 
proved to be particularly tractable. As a result, it has not been possible to produce 
clearly indigenous pyrolysis products from kerogens older than 1. 7Ga (Hoering & 
Navale, 1987). A comparatively new and potentially more prospective, method is 
hydropyrolysis, a continuous flow technique that degrades polymeric organic matter 
in a stream of high-pressure hydrogen under the influence of a molybdenum catalyst. 
\ 
In comparison to more conventional pyrolysis techniques, hydropyrolysis is 
generally distinguished by its efficacy in trace analysis and its high product yields 
(Love et a!., 1995). Hydropyrolysis experiments on Archean kerogens are described 
in detail in Chapter 5. Although information about the provenance of biomarkers and 
94 
other saturated hydrocarbons was not obtained, the hydropyrolysis experiments 
clearly indicate that at least the aromatic hydrocarbon fraction of shales from the 
Hamersley Group at Mt Tom Price is syngenetic (Chapter 5). 
3.3. Conclusions 
.... .~ 
Summary of the bitumen compositions 
Late Archean rocks from the 2.78 to 2.45Ga Fortescue and f!amersley Groups, 
Pilbara Craton, Western Australia, were analyzed for solvent extractable 
hydrocarbons. The samples were collected from ten drillcores and two mines in a 
sampling area ranging from the center of the Hamersley Basin 200km to the 
southeast, 1 OOkm to the southwest and 70km to the northwest. The terrain has been 
regionally metamorphosed to prehnite-pumpellyite facies corresponding to 
temperatures between 200 and 300°C. The solvent extracts of kerogen-rich shales 
yielded -1 to 20ppm saturated hydrocarbons and in some cases up to 1 OOOppm. 
Aromatic hydrocarbon yields were <1 to 30ppm. Analysis of the solvent extracts by 
GC, GC-MS and GC-MS MRM reveal~d hydrocarbons with the typical composition 
of bitumen or petroleum. Th~., detected molecules include n-alkanes with a 
condensate-like distribution, mid- and end-branched monomethylalkanes with 
similar concentrations, ro-cyclohexylalkanes, acyclic isoprenoids, diamondoids, tri-
to pentacyclic terpanes, steranes, aromatic steroids and unsubstituted and alkylated 
polyaromatic hydrocarbons. Plant biomarkers or other hydrocarbons indicative of 
younger contamination were not detected. The host kerogens of the hydrocarbons 
were depleted in 13C by 2 to 21 o/oo relative to n-alkanes, a pattern typical of, although 
more extreme than, other Precambrian samples. Also rarely observed in the 
Phanerozoic but characteristic of many other Precambrian bitumens is the carbon 
. 
isotopic depletion of acyclic isoprenoids relative to n-alkanes, and very high relative 
concentrations of 2a.-methylhopanes. Molecular parameters, including sterane and 
hopane ratios at their apparent thernial maxima, condensate-like alkane profiles, 
extremely high mono- and triaromatic steroid maturity parameters, very high methyl-
adamantane and methyldiamantane indices and very high methylphenanthrene 
maturity ratios, indicate thermal maturities in the wet-gas generation zone. Extracts 
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from shales associated with iron ore deposits at Tom Price and Newman also have 
polyaromatic hydrocarbon patterns consistent with pyrolytic dealkylation and in one 
case consistent with a thermal maturity in the dry-gas zone. 
Summary of arguments for syngeneity 
To obtain information about syngeneity,_~ee principal sources of contamination 
were considered: 
(1) molecules carried into samples during laboratory procedures; 
(2) petroleum products of anthropogenic origin introduced during drilling, storage 
and handling; 
(3) petroleum that was expelled from a younger source and migrated into the 
Archean terrain. 
Procedural blanks run parallel to all samples show that hydrocarbon concentrations 
obtained by rock extraction are several orders of magnitude higher than the 
laboratory background level. Moreover, comparison of extract yields from kerogen-
rich rocks and kerogen-poor control samples from the same locations indicate that 
the hydrocarbons were not introduged ~uring sample collection and processing. 
Arguments against anthropogenic contamination of drillcore samples include the 
extreme thermal maturity of bitumens from almost all locations, the absence of 
typical Phanerozoic biomarkers, and the presence of typical Precambrian signatures, 
such as high 2a-methylhopane indices and the inversion of the carbon isotopic 
relationship between n-alkanes and acyclic isoprenoids. Bitumens with these 
characteristics were discovered in samples from eight different diamond drillcores 
from 50 to 1800m depths, drilled by several companies and stored at three different 
locations several hundred kilometers apart. Moreover, the rocks were ~ollected in 
1994, 1996, 1999 and 2000 by different workers and analyzed in two different 
laboratories. Furthermore, these results were reproduced by a laboratory at 
Pennsylvania State University on independently sampled material from drillcore 
WRL-1 as well as from additional samples extending the sampling range another 
280km to the east (J. Eigenbrode, personal communication). It is exceedingly 
unlikely that samples from such a wide geographic and stratigraphic range and from 
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so many independent sources were all contaminated by petroleum products with 
characteristics of typical Precambrian bitumen and maturities in the wet-gas zone. 
Adulteration by a younger Precambrian oil that migrated into the Archean terrain is 
also unlikely. Younger source rocks are absent in the Harnersley Basin and were 
never deposited over the top in sufficient thickness for significant hydrocarbon 
expulsion to occur. Thus, younger petroleum would have to migrate from the nearest 
post-Archean basin at least 150km throll~ deformed and metamorphosed terrain 
devoid of cross-cutting craton-wide fractures. Moreover, the partly silicified, highly 
compacted but structurally intact Archean shales were pJ.:obably sealed to 
hydrocarbon migration since they were last metamorphosed in the Paleoproterozoic. 
Hence, homogeneous long distance migration of younger oil into Archean rocks over 
an area of more than 30,000km2 and down to depths of up to 1800 meters, seems 
exceedingly unlikely. Moreover, the unusual composition of aromatic hydrocarbons 
in bitumens from the Mt McRae Shale was also replicated by hydropyrolytic 
degradation of the kerogens, indicating that at least these components are in situ 
products of the Archean host rocks. 
Summary of arguments against synge~eity 
Characteristics that are more easily explained by contamination, but not necessarily 
inconsistent with syngeneity, include the similarity of some biomarker distributions 
to many Paleoproterozoic to Phanerozoic bitumens, the extreme carbon isotopic 
disparity between some bitumens and kerogens, the absence of C12+ aliphatic 
hydrocarbons in kerogen pyrolysates, and some maturity parameters in some samples 
that are apparently too low for the thermal history of the host rocks (especially 
drillcore FVG-1 ). Moreover, although C15+ hydrocarbons have been observed in 
petroleum reservoirs at present day temperatures >200°C, the existence of complex 
structures such as sterane and hopane biomarkers in metamorphosed sediments is 
certainly controversial. Most significantly, however, the strongly inhomogeneous 
distribution of the bitumen in individual drillcore samples is potentially consistent 
with surficial staining of the samples and diffusion of the hydrocarbons into the rock. 
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Conclusions: syngeneity versus contamination 
Although some observations are more easily explained by contamination, the 
arguments for syngeneity apparently outweigh the objections. Therefore, aliphatic 
hydrocarbons and biomarkers in bitumens from the Fortescue and Harnersley Groups 
are hereafter characterized as probably syngenetic with the Archean host rocks. 
Based on their pyrolytic or hydrotherm~~composition and results presented m 
Chapter 6, aromatic hydrocarbons and diamondoids from the Harnersley Group at Mt 
Tom Price and Mt Whaleback are characterized as certainly syngenetic. These 
molecules are therefore 0.8 to l.OGa older than the previously oldest known clearly 
indigenous bitumen from the McArthur Group, Northern Territory (Jackson et a!., 
1986). 
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4. Molecular fossils in late Archean sedimentary rocks: 
possible paleobiological and paleoenvironmental 
implications 
Abstract - Bitumens extracted from 2. 7 to 2.5 billion year 
old (Ga) shales of the Fortesctfe and Hamersley Groups from 
the Pilbara Craton, Western Australia, contain traces of 
molecular fossils. Based on molecular characteristics typical 
of many Precambrian bitumens, unusually high thermal 
maturities, a prevalence throughout the Hamersley Basin and 
an absence of alternative sources, the bitumens were 
characterized as 'probably of Archean age' (Chapter 3). 
Accepting this interpretation, the biomarkers bring 
unprecedented clarity to our understanding of Archean 
biodiversity and ecology. 
The presence of hopanes in the Archean rocks confirms the 
antiquity of the domain Bacteria, and high relative 
concentrations of 2ci-methylhopanes indicate that cyano-
bacteria were important primary producers. Oxygenic 
photosynthesis therefore evolved more than 2. 7Ga ago, well 
before independent evidence suggests significant levels of 
oxygen accumulated in the atmosphere. Moreover, the 
abundance of cyanobacterial biomarkers in shales interbedded 
with oxide-facies banded iron formations (BIF) indicates that 
although some Archean BIF might have been formed by 
abiotic photochemical processes or anoxygenic phototrophic 
bacteria, those in the Hamersley Group formed as a direct 
consequence of biogenic oxygen production. Biomarkers of 
the 3 f3-methylhopane series suggest that microaerophilic 
heterotrophic bacteria, probably methanotrophs or methylo-
trophs, were active in late Archean environments. The 
presence of steranes in a wide range of structures with relative 
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abundances like those from late Paleoproterozoic to 
Phanerozoic sediments is convincing evidence for the 
existence of eukaryotes in the late Archean, 600Ma to 
I OOOMa before microfossil evidence indicates that the lineage 
arose. Sterol biosynthesis in extant eukaryotes requires 
molecular oxygen. The presence of steranes together with 
biomarkers of oxygenic .piiotosynthetic cyanobacteria 
suggests that the concentration of dissolved oxygen in the 
upper water column was equivalent to at least - 1% PAL. 
Thus, oxygen concentrations in Archean surface waters 
should have been high enough to support aerobic respiration. 
4.1. Introduction 
This chapter discusses the paleobiological and paleoenvironmental significance of 
molecular fossils detected in late Archean sedimentary rocks from the Pilbara region 
in Western Australia. Biomarker~ wilt be discussed by hydrocarbon class: normal 
and branched alkanes, tricyclic terpanes, hopanes and steranes, followed by a 
discussion of the carbon isotopic relationship between kerogen and bitumen. The 
biomarker data .will then be used to obtain information about oxygen levels in the 
·water column and to reconstruct late Archean marine biodiversity. 
4.1.1. The interpretation of Archean biomarkers: problems of an actualistic 
approach 
The interpretation of Archean and Proterozoic biomarkers is complicated by two 
factors. One is the fragmentary knowleqge of biomarker distributions across the great 
diversity of extant organisms and the second is the problem of how reasonable it is to 
extrapolate back in time over several billion years. The biological interpretation of 
geolipids is almost exclusively based on the distribution of biolipids in extant 
organisms. However, the full lipid biosynthetic repertoire is only known for a small 
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percentage of those micro-organisms that have been cultured (Volkman eta/., 1993). 
A significant proportion of potentially important biomarkers might have slipped 
through screening techniques because lipids can be covalently attached to 
macromolecular structures. Other biomarkers might have remained undiscovered 
because the lipid content of many 9ultured marine organisms strongly depends on 
growth conditions and growth cycle (de Leeuw & Baas, 1986). 
Most problematic, however, are the uncertami'ies associated with the extrapolation of 
modern biomarker attributes back in time over several hundred million to billions of 
years. Particular pathways of lipid biosynthesis, such as the modification of sterol 
side-chains, might have developed independently in different lineages and so lipids 
believed to be diagnostic of extant taxonomic groups could also have been prevalent 
in extinct clades. For example, 24-n-propylcholestanes and 24-isopropylcholestanes 
in Phanerozoic bitumen are interpreted as· biomarkers for chrysophyte algae of the 
order Sarcinochrysidales and sponges of the class Demospongiae, respectively. This 
interpretation might be reasonable for most Phanerozoic samples, but 24-n-
propylcholestanes and 24-isopropylcholestanes in much older bitumen might have a 
different or ancestral biological source, because there is no microfossil evidence for 
the existence of such organisms until the latest Neoproterozoic. 
4.2. Discussion 
4.2.1. Biological origins of Archean biomarkers 
n-Alkanes 
By far the most abundant hydrocarbons in all late Archean bitumens are n-alkanes. 
Homologues with chain lengths from 9 up to 23 carbon atoms and in one case 28 
carbon atoms were detected under GC-FID conditions. Homologues below n-C9 were 
probably also present but lost during the analytical protocol. The n-alkane 
distributions are commonly unimodal with a strong predominance of low-molecular 
weight homologues, a composition probably principally controlled by high thermal 
maturity. Odd or even predominance of carbon numbers was not observed, as 
expected from bitumen of such high maturity. Unbranched lipids in recent sediments 
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predominantly reflect input from plant waxes (Hedberg, 1968), from polymethylenic 
biopolymers such as algaenans in eukaryotic algae (Tegelaar et a/., 1989), and from 
glyce:ddes in bacteria and eukaryotes. A plant wax source for n-alkanes can 
obviously be ruled out for pre-Silurian sedimentary rocks, and polymethylenic 
hydrocarbons probably played only a minor role before the Neoproterozoic 
(Chapter 5). Alkanoic acids from bacterial and eukaryotic membrane constituents are 
therefore the most likely source for Archeau;./z-alkanes. 
The carbon isotopic composition of the n-alkanes suggests that they were 
predominantly derived from heterotrophic organisms recycli.J}g photosynthetic 
primary products. n-Alkanes in all Archean bitumens are enriched in 13C by up to 
3o/oo relative to pristane and phytane. This isotopic relationship is typical for many 
Precambrian bitumens but different from most Phanerozoic marine samples where 
n-alkanes are commonly isotopically depleted relative to pristane and phytane 
(Logan et a/., 1995; Logan et a/., 1997). An explanation for the inversion of this 
isotopic relationship in the transition from the Precambrian to the Phanerozoic is 
given by Logan et a/. (1995). In organic matter derived from oxygenic 
photosynthetic primary producers the phytyl side-chain of chlorophyll, a precursor to 
most sedimentary pristane and phytane, is typically slightly enriched in 13C relative 
to unbranched membrane lipids (Hayes; 1993). In the Phanerozoic the bulk of this 
organic matter is transported into the sediment by faecal pellets, so the original 
isotopic signature is preserved. This transport mechanism is absent before the Late 
Neoproterozoic and so the organic matter was extensively reworked as it sank slowly 
through the water column. As heterotrophic reworking is frequently associated with 
isotopic enrichment (Hayes, 1993), straight-chain lipids contributed by the organisms 
at higher trophic levels become isotopically enriched relative to primary 
photosynthate including pristane and phytane. Such a process of isotopic enrichment 
by heterotrophic reworking might also be responsible for the 13C enriched n-alkanes 
in the Archean bitumens. An alternative scenario, contribution of isotopically light 
acyclic isoprenoids by Archaea, is discussed further below. 
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Cyclohexylalkanes 
Alkanes with a terminal cyclohexyl ring were detected in low concentrations in all 
late Archean bitumens with a relative distribution similar to the n-alkane profile 
(Fig. 3-2). Low concentrations of cyclohexylalkanes are also common in most 
bitumens and petroleums from the Proterozoic and Phanerozoic. Although 
cyclohexylalkanes could have a direct biological source in the quite uncommon co-
cyclohexyl fatty acids isolated from some·&cteria (Suzuki eta/., 1981), the close 
affmity of the n-alkane and cyclohexylalkane homologue series in the Archean 
bitumens points to diagenetic cyclisation of straight chain lipids ~s the most likely 
source (Fowler et a/., 1986; Hoffmann et a/., 1987; Summons eta/., 1988b). The 
cyclohexylalkanes therefore probably have the same precursor as then-alkanes. 
Monomethylated alkanes 
Methylalkanes with the same mass-range as the n-alkanes are abundant in all 
Archean bitumens (Fig. 3-2). Isomers with all possible branching positions were 
detected in roughly equal concentrations with no predominance of end- or mid-
branched monomethylalkanes. End-branched monomethylalkanes and lower 
concentrations of mid-chain bran~ped . i-somers are ubiquitous in petroleums and 
bitumens from the late Paleoproterozoic to the present (Summons & Walter, 1990). 
Elevated concentrations of mid-chain branched isomers are mainly present in 
Proterozoic and lower Paleozoic sediments, for example in the early Can1brian 
Chandler Formation (Summons, 1987), the terminal Proterozoic to Cambrian Huqf 
Formation of Oman (Hold et a/., 1999; Klomp, 1986), in Neoproterozoic oils from 
eastern Siberia (Fowler & Douglas, 1987) and in bitumens from the Mesoproterozoic 
McArthur Basin, Northern Territory (Summons et a/., 1988b). Exceptionally high 
concentrations of mid-chain branched methylalkanes of carbon numbers >C24 were 
observed in inunature terminal Proterozoic microbial-mat facies (Logan ei a/., 1999). 
Bitumens with a non-specific isomer distribution almost identical to the Archean 
samples have been detected in the late Paleoproterozoic Barney Creek Formation 
(Summons eta/., 1988b) and Mesoproterozoic Velkerri Formation (Summons eta/., 
1994), McArthur Basin, Northern Territory. 
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Biological precursors of methylalkanes in extant organisms are widespread in the 
domain Bacteria (Summons, 1987) but are also present in Eucarya (Hold eta!., 1999) 
and allegedly in Archaea (Brassell et a/., 1981 ). In modem to recent sediments the 
most common source of end-chain branched methylalkanes are 2- and 
3-methylalkanoic acids prevalent in bacterial lipids (Fulco, 1983; Kaneda, 1977). 
Symbiotic bacteria living in extant demosponges produce high concentrations of end-
as well as mid-chain branched carboxylic--a'Cids in an intriguing variety of structural 
isomers in the C1s to C2s range (Thiel et a/., 1999a). Mid-chain branched alkanes in 
the carbon-number range C16 to C 18 are conunon in cyanobacterial mat-communities 
(Kenig et a/., 1995; Koster et al., 1999; Robinson & Eglinton, 1990; Shiea et a/., 
1990). An additional potential source of methylalkanes in bitumen are cyclopropyl 
carboxylic acids that are quite common in Bacteria but are also present in some 
protists (Fowler & Douglas, 1987; Hold et al., 1999 and references therein). 
In the Archean bitumens it is not clear whether the isomeric distribution of 
methylalkanes is representative of the original input or whether the branching 
positions were catagenetically 'reshuffled' to yield the observed non-specific isomer 
mixture. Repositioning of the methyl group along the alkane chain is not a likely 
mechanism (Hold et a/. , 1999; Summons et a!., 1988b), but different positional 
isomers are principally generated by thermal cleavage of higher mid-chain branched 
alkanes at different positions (Summons et a/., 1988b ). The thermal maturity of the 
Archean bitumens is so high that branched alkanes greater than C20 would have been 
almost quantitatively cracked in most samples. It is therefore impractical to attempt 
to reconstruct the original isomer and homologue distribution of methylalkanes. 
Clearly however, biosynthetic pathways leading to branched-chain lipids were 
certainly present by the late Archean. 
Acyclic isoprenoids 
Most Archean bitumens contain C11 to C16, C1s, C19 and C2o acyclic isoprenoids in 
similar concentrations (Fig 3-2B). Acyclic isoprenoids with either 17 or more than 20 
carbon atoms were not detected. The carbon isotopic compositions of the C19 and C20 
isoprenoids pristane (Pr) and phytane (Ph) of the sedimentary bitumens examined in 
this study are in the range o13C = -27 to -30%o, up to 3%o lighter than then-alkanes. 
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Acyclic isoprenoids with 20 and less carbon atoms are also ubiquitous in bitumens 
from the late Paleoproterozoic to the present (Summons & Walter, 1990). Higher 
pseuCiohomologues are generally less common. but have been detected in Proterozoic 
sediments such as the 850Ma Chuar Group, Grand Canyon, Arizona (Summons et 
a/., 1988a) and the 1.69Ga Barney Creek Formation, McArthur Basin, Northern 
Territory (Summons et a/., 1988b ). In most younger bitumens and oils a high 
proportion of acyclic isoprenoids with 20 . .yW-bon atoms or less is derived from the 
phytyl side chain of chlorophylls from phototrophic organisms with possible minor 
contributions from tocopherols and carotenoid pigments (Volkman & Maxwell, 
1986). A second important source for acyclic isoprenoids in some environmental 
settings is cell membranes of Archaea (Chappe eta/., 1982; Moldowan & Seifert, 
1979). Many Archaea synthesize diagnostic acyclic isoprenoids with more than 20 
and up to 40 carbon atoms (Brassell et al., 1981; Grice et al., 1998; Summons, 1987; 
Vink et a/., 1998) but some halophiles and methanogens mainly contain shorter C14 
to C2o pseudohomologues (Rowland, 1990; Volkman & Maxwell, 1986). 
For the Archean bitumens, a mainly phototrophic source of acyclic isoprenoids is 
likely with a possible minor contribution of S:C20 isoprenoids from Archaea. If the 
presence of abundant 2a-methylJ:lopanes in the Archean bitumens is correctly 
·~ 
interpreted as indicating a significant input of organic matter from cyanobacteria (see 
below) then the presence of phytane and lower acyclic isoprenoids can be attributed 
to degradation products of chlorophyll. In addition, the isotopic composition of 
pristarie and phytane is consistent with photosynthetic .carbon assimilation 
(Schildlowski et al., 1983). The carbon isotopic depletion of both pristane and 
phytane relative to n-alkanes by up to 3o/oo could reflect a contribution of isotopically 
depleted membrane lipids from methanogenic Archaea (Rowland, 1990; Summons et 
al., 1998; Thiel et al., 1999b). However, the more diagnostic isotopic fmgerprint of 
methanogens with phytane markedly depleted in 13C relative to pristane' (Murray et 
al., 1998a) was not detected in any sample. A significant contribution of S:C20 
isoprenoids by thermal degradation of higher Archaeal pseudohomologues can also 
be ruled out, since random cleavage of higher acyclic isoprenoids creates a whole set 
of lower pseudohomologues including C17, C21 and above. The absence of C17 and 
C2o+ pseudohomologs, on the other hand, is consistent with thermal degradation of 
regular C2o isoprenoids (Haug & Curry, 1974). Therefore, the acyclic isoprenoids in 
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the Archean bitumens are predominantly derived from phototrophic organisms with a 
possible contribution of <C21 isoprenoids from Archaea. 
Adamantanes 
Figure 4-1. Adamantane. 
Adamantanes have no known direct biological precursors. However, they are of 
interest here because they represent the only saturated hydrocarbons of unequivocal 
Archean age. Moreover, they are believed to be derived from thermal rearrangement 
of polycyclic biomarkers such as tricyclic terpanes, steranes and hopanes (Chen et 
al., 1996). As such, they could indicate the presence of complex molecular lipids in 
the Archean shales even if other biomarkers are non-indigenous. However, in 
bitumen of extreme thermal maturity adamantanes may also form catagenetically 
from acyclic precursors. , .. 
Cheilan thanes 
Figure 4-2. Tricyclohexaprenane, the skeleton of cheilanthanes. 
Cheilanthanes are tricyclic terpanes with the tricyclohexaprenane skeleton (Neto et 
a/., 1983) (Fig. 4-2). In most Archean bitumens C19 to C2s-13~(H),14a(H)­
cheilanthanes were detected by GC-MS MRM (Fig. 3-3). Tricyclic terpanes >C2s 
were not analyzed but might also have been present. Cheilanthanes with 19 to 30 
carbon atoms are ubiquitous in oils and bitumens from the Neoproterozoic to the 
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present. Precambrian cheilanthanes were detected in terminal Proterozoic oils from 
the Siberian Platform (Summons & Powell, 1992) and Oman (Grantham, 1986), 
from the 760Ma Neoproterozoic Xiamaling Formation, Yanshan region, North China 
(Wang, 1991; Wang & Simoneit, 1995) the 850Ma Chuar Group, Arizona (Summons 
et al., 1988a), the Mesoproterozoic l.lGa Nonesuch Formation, Michigan 
(Summons & Walter, 1990), and the 1.69Ga Barney Creek Formation, McArthur 
Group, Northern Territory, Australia (Sumfnons et al., 1988b). Cheilanthanes have 
been termed 'orphan biomarkers' without known biological precursors (Ourisson, 
1994; Rohmer et al., 1992). Ourisson (1994), for example, describes cheilanthanes 
as 'primitive membrane constituents' because their biosynthesis from polyprenoid 
precursors theoretically requires a low number of unproblematic enzymatic steps. He 
predicted that the source organisms of cheilanthanes could be 'anaerobic and [ ... ] 
more primitive than the known Archaeales ' . Because their biosynthetic origins 
appear 'primitive' and because of their widespread occurrence, a prokaryotic source 
is postulated for the cheilanthanes (Moldowan & Seifert, 1983; Ourisson, 1994; 
Ourisson et al., 1982). However, a study by Greenwood et al. (2000) suggests that 
cheilanthanes in bitumens from the Late Carboniferous to Early Permian Tasmanites 
Oil Shale could have an eukaryotic origin. These authors perfonned laser pyrolysis 
GC-MS on isolated and pre-extrac_ted specimen of the fossil alga Tasmanites sp. and 
" . 
detected C19 to C28-cheilanthanes evidently derived from the algal biomass. Although 
cheilanthanes might have multiple sources, direct evidence for this assumption does 
not exist. A more reliable biological interpretation of cheilanthanes in the Archean 
bitumens may become possible once extant precursor organisms have been 
discovered. 
Hopanes 
Hopanes were detected in all Archean bitumens. Identified structures inc1ude the C21 
to C3s-17a.(H),21~(H)-hopane series as well as C29 to C36- 2a.- and 3~-methyl-
17a.(H),21~(H)-hopanes. Several 17~(H),21a.(H)-hopane isomers (moretanes) and 
diagenetically rearranged dia- and neohopanes were also detected in 'lower 
concentrations. The isomer and homologue distribution of hopanes resembles that of 
most other Precambrian bitumens (Pratt et al., 1991; Summons et a/., 1988a; 
Summons et al., 1988b) but differs from Phanerozoic samples by having higher 
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relative concentrations of A-ring methylated h~mologues. Hopanes are abundant in 
all known samples of sedimentary organic matter from the late Paleoproterozoic to 
the present (Sununons et a/., 1988b ). 
Hopanoids have been isolated from a wide range of bacteria and their taxonomic 
distribution has been reviewed by Ourisson eta/. (1987) and Rohmer eta/. (1992). 
Bacteriohopanoids have been detected in some, but not all, cyanobacteria, purple 
nonsulfur bacteria, gram negative and gt~ positive bacteria, methylotrophs and 
acetic acid bacteria. Hopanoids appear to be absent from the green and the purple 
sulfur bacteria and from all anaerobic symbiotic and parasitic_ forms. Although 
hopanoid biosynthesis does not require oxygen, it is of some interest that they are 
generally not present in obligate anaerobes (Ourisson et a/., 1987). The most 
abundant hopanoids in bacterial membranes are C3s-bacteriohopanepolyols that carry 
an extended polyhydroxylated or otherwise functionalized side chain (Fig. 4-3). All 
bacteria that synthesize C3s-bacteriohopanepolyols also contain lower concentrations 
of the C3o-hopanoids diploptene and diplopterol. 
:1).~0H OH 
/ :!2 ll 
"' u 
• [ X1 OH X2 
Figure 4-3. Bacteriohopanepolyol. X1 = -OH or amino function, X2 = -OH or amino function. 
While Archaea do not produce hopanoids (Ourisson eta/., 1987), they are present in 
some Eucarya (Rohmer et al., 1992) such as cryptogams, ferns, mosses, lichens, 
filamentous fungi and, in very low concentrations, in protists of the genus 
Tetrahymena. The rare eukaryotic hopanoids possess only 30 carbon atoms and do 
not carry the diagnostic polyhydroxy side-chains, so C3s-hopanoids are therefore 
biomarkers for bacteria (Rohmer eta/., -1992). The C21 to C3s-hopanes found in post-
Archean bitumens and oils are mostly produced by the diagenetic and catagenetic 
degradation of C35-bacteriohopanepolyols and so the patterns of hopanes in the 
Archean bitumens can be confidently assigned to bacteria. 
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Taxonomic information below domain level can be extracted from the patterns of 
hopanes methylated at ring-A. All Archean bitumens contain the series of C29 to 
C36-2a.-methyl-17a(H),21~(H)-hopanes in high relative concentrations m 
comparison to Phanerozoic samples. C36-hopanepolyols methylated at C2 are 
common and abundant membrane constituents in extant cyanobacteria and 
prochlorophytes (Rohmer et a/., 1984; Simonin et al., 1996; Summons et al., 1999). 
C31-2-methylhopanoids also occur in pink-pfgrn.ented facultative methylotrophs, for 
example Methylobacterium organophilum (Bisseret eta/., 1985; K.nani et al., 1994), 
and in nitrogen-fixing bacteria of the genera Azotobacter and Beijerinkia (Vilcheze et 
al., 1994). However, 2-methylhopanoids with an extended side chain and more than 
31 carbon atoms appear to be diagnostic of cyanobacteria (Summons et a/., 1999). 
Based on known patterns of biosynthesis, 2a-methylhopanes have probably been 
diagnostic for cyanobacteria throughout the Phanerozoic and also the Precambrian 
(Summons et a/., 1999). The C31-2cx.-methylhopane index (C31-MHI) measures the 
concentration of C3t-2cx.-methyl-a~-hopane relative to C3o-desmethyl-a~-hopane 
(Table 3-1). C31-MHI is frequently high (>10%) in sedimentary rocks from playa and 
saline lakes 3?d in settings of carbonate and evaporite precipitation, environments 
known to support the growth of cyanobacterial mats. Also, the 2cx.-methylhopane 
index in clastic Phanerozoic sediments· is commonly low (-() to 9%) while it 
frequently exceeds 10% in Proterozoic shales (Summons et a/., 1999), suggesting 
that the elevated Precambrian abundance. of 2a-methylhopanes might be explained 
by an increased component of cyanobacterial primary production. Notably, the 
C31-2a-methylhopane indices of the Archean bitumens are also predominantly >10% 
and some as high as 20% (Table 3-1). Such high values are consistent with an 
important role for cyanobacteria as primary producers in the Archean. 
The 3~-methylhopane series (C31 to C36-3~-methyl-a~-hopanes) represents a second 
set of A-ring methylated hopanes detected in Archean bitumen. These compounds 
are detected in much lower concentrations than the 2a-methyl isomers, consistent 
with observations in most younger bi~ens (Summons & Jahnke, 1992). Bacterio-
hopanepolyols methylated at C3 have been isolated from methanotrophs, 
methylotrophs and acetic acid bacteria (Rohmer et al., 1984; Rohmer & Ourisson, 
1986; Simonin eta/., 1994; Zundel & Rohmer, 1985). Although the biological source 
and geochemical significance of 3f3-methylhopanes in bitumens and oils is not as 
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well constrained as the 2a-methylhopanes, a methanotrophic source for 
3~-methylhopanes in the Archean bitumens is plausible, especially in view of Hayes' 
(1983) hypothesis of global methanotrophy in the late Archean. The side-chain 
fragmentation pattern in the 3~-methylhopane series also indicates diagenesis under 
reducing conditions and suggests that the source organisms inhabited a suboxic zone, 
consistent with the microaerophilic physiology of methanotrophs (Section 4.2.3). 
Carbon isotopic measurements of indt~vidual hopanes might confirm a 
methanotrophic or methylotrophic origin for these biomarkers if they can ever be 
isolated in sufficient abundance. 
The Archean bitumens also contain hopanes with rearranged carbon skeletons. 
A series of weak signals was tentatively identified as C29 to C34-l7 a(H)-diahopanes 
(17a(H)-15a-methyl-27-norhopanes). The diahopane skeleton is derived from the 
hopane structure by the shift of a methyl group from Cl4 to CIS. Direct biological 
precursors of diahopanes have not yet been identified and it is almost certain that 
diahopanes are exclusively formed by diagenetic rearrangement of regular hopanoids 
(Moldowan et a/., 1991 ). A second group of modified hopanes in the Archean 
samples are the C27 and C29-neohopanes 18a(H)-22,29,30-trisnomeohopane (Ts) and 
18a(H),21~(H)-30-norneohopane (C29Ts). Ts and C29Ts are both ubiquitous 
constituents of crude oils and bituni'~ns of all periods (Moldowan eta!., 1991). As for 
diahopanes, they have no known biological source but are probably formed by acid-
catalyzed transfer of the methyl group at C 18 to C 17 (Seifert & Moldowan, 1978). 
Steranes and steroids 
Ste~anes, the diagenetic and catagenetic alteration products of sterols, have been 
detected in oils and bitumens of all post-Archean periods (Summons & Walter, 
1990). Significantly, the Archean bitumens contain most structural i~omers and 
pseudohomologues of C26 to C30-regular, rearranged and A-ring methylated steranes 
as well as many mono- and triaromatic steroids, just like sediments from the 
Proterozoic to the present. Moreover, the Archean steroid distributions are practically 
indistinguishable from those of late Paleoproterozoic to Cenozoic rocks (Pratt eta/., 
1991; Summons & Powell, 1992; Summons et a!., 1988b; Summons & Walter, 
1990). 
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Sterols are abundant membrane components in most Eucarya. Only two species of 
Bacteria have the unequivocal capacity for de novo steroid biosynthesis: the 
methylotrophic bacterium Methylococcus capsulatus and the gliding myxobacterium 
Nannocystis exedens. However, M capsulatus synthesizes exclusively 4-methyl and 
4,4-dimethyl sterols with an uncommon unsaturation pattern and does not have the 
capacity to alkylate the sterol side chain (Bird et al., 1971; Bouvier et al., 197 6; 
Jahnke & Nichols, 1986; Ourisson et al., .. J;981; Summons et al., 1992). Potential 
geolipids derived from M capsulatus, 4-methylcholestanes and 4,4-dimethyl-
cholestanes, have rarely been observed in bitumen (Chen & Summons, 2001). 
Nannocystis exedens exclusively generates C27-cholestenols (Kohl et a/., 1983) and 
again does not have the biosynthetic capacity to alkylate the side-chain. Although 
C27-steranes in bitumens and oils could principally be derived from N. exedens, there 
is little other evidence that it is a significant contributor to sedimentary organic 
matter. 
Very low concentrations of c27 to c29•Sterols have also been reported from 
cyanobacteria (de Souza & Nes, 1968; Hai et al., 1996; Kohlhase & Pohl, 1988; 
Nadal, 1971; .Paoletti eta/., 1976; Rzama eta/., 1994; Sallal eta/., 1987) and traces 
of cholesterol were detected in cultures of Mycobacterium (Lamb et a/., 1998). 
However, it has been argued that s-qph t(ace amounts can generally be linked either to 
exogenous sterol incorporation, especially in parasitic species, or to eukaryotic 
organisms that contaminated bacterial cultures (Bouvier et al., 1976; Ourisson et al., 
1987). Recent re-examination of some cyanobacterial lineages revealed that all 
cultures that yielded sterols were contaminated by eukaryotic fungi that are only 
detectable in DNA surveys (R. E. Summons et al., unpublished results). Previous 
reports of sterol synthesis in cyanobacteria are therefore contentious and need re-
confirmation. 
If sterol biosynthesis in prokaryotes is indeed limited to a few distinctiv.e structural 
isomers, then the complex sterane distribution generally detected in bitumens and 
oils can be safely attributed to eukaryotes. Most bitumens throughout post-Archean 
Earth history contain similar compositions of C26 to C30-steranes, A-ring meth):'lated 
steranes, mono- and triaromatic steroids and diagenetic rearrangement products 
(Summons et al., 1988b ). The late Archean bitumens also have the same principal 
sterane and aromatic steroid pattern. It is highly unlikely that steranes in Phanerozoic 
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and Proterozoic sediments had an eukaryotic source, but in the Archean a prokaryotic 
origin. Although it is possible that as yet unknown or extinct prokaryotes produced 
sterols, the wide structural range of steranes in relative abundances like those of 
younger bitumen is convincing evidence for the presence of eukaryotes in the late 
Archean. 
Although sterane distributions in the Archean bitumens are equivalent to those of 
younger bitumens, they offer no taxonomie..t information below domain level. The 
most abundant steranes in all samples were desmethylsteranes with 27 to 29 carbon 
atoms. Sterols with the cholestane skeleton (C27) are common in ex_tant rhodophytes, 
precursors of ergostanes (C2s) are predominant in many diatoms (Volkman & 
Hallegraeff, 1987) and precursors of stigmastanes (C29) are abundant in chlorophytes 
and higher plants (Summons & Walter, 1990; Volkman, 1986). However, C21to C29· 
desmethylsteranes are not diagnostic for any particular taxon (Volkman, 1986). Even 
closely related species within the domain Eucarya may biosynthesize varying 
mixtures of different sterols with all three carbon skeletons (de Leeuw & Baas, 1986; 
Volkman, 1986; Volkman et a/., 1980). 
24-n-Propylcholestane (C3o) also occurs in all Archean bitumens, albeit in low 
concentrations (-2 to 4% of the sum of C21 to C2g-steranes). This biomarker is also 
known from other Precambrian Samples, including the Neoproterozoic of the 
Siberian platform (Summons & Powell, 1992), the 1.1 Ga Nonesuch Shale (Pratt et 
a!., 1991) and the 1.7Ga Barney Creek Formation (McCaffrey eta!., 1994; Summons 
eta/., 1988b). Biological precursors with the 24-n-propylcholestane skeleton have so 
far only been isolated from three species of chrysophyte algae of the order 
Sarcinochrysidales (Moldowan et a!., 1990; Raederstorff & Rohmer, 1984). 
However, the biological origin of 24-n-propylcholestane in the Archean bitumens 
remains unclear. 
C21 to C29-diasteranes are also abundant in the Archean bitumens.· However, 
diasteranes have no direct biological precursors (Ourisson, 1994) and form by 
diagenetic rearrangement of sterols or sterenes (Sieskind et al., 1979). Similarly, 
C-ring monoaromatic and triaromatic steroids form either by diagenetic alteration of 
unsaturated and polyunsaturated steroids or by dehydrogenation of steranes during 
catagenesis (de Leeuw & Baas, 1986; Moldowan & Fago, 1986). Diasteranes and 
aromatic steroids therefore do not contribute additional taxonomic knowledge. 
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Other steroids detected in the Archean bitumens are A-ring methylated cholestanes 
(C2s), ergostanes (C29) and stigmastanes (CJo). Unequivocally identified were 2a.-, 
3~- and 4a.-methyl-24-ethylcholestanes as well as traces of 4a.,23,24-trimethyl-
cholestanes (dinosteranes) (Fig. 3-9). 2a.- and 3~-methylsteranes have no known 
biological counterparts and they probably form by diagenetic methylation of 
L~?-sterenes either in an abiogenic process (Summons & Walter, 1990) or mediated 
by heterotrophic micro-organisms (Summdi\s & Capon, 1988). On the other hand, 
sterols methylated at C4, are widespread in eukaryotic organisms. 4-methylsterols 
and 4,4-dimethylsterols are intermediates in the biosynthesis of. desmethyl sterols 
(Bloch, 1994) and are typically present in at least low concentrations in all organisms 
that synthesize sterols. However, the concentration of these reaction intermediates is 
commonly far too low for a significant sedimentary contribution (Volkman et a!., 
1990). Higher concentrations of sterols with the 4-methylcholestane (C2s), 4-methyl-
24-methylcholestane (C29) and 4-methyl-24-ethylcholestane (C30) skeletons are 
present in most dinoflagellates (Robinson et al., 1984) and less commonly in diatoms 
(Nichols et a!., 1990). Sterols with the 4-methyl-24-ethylcholestane skeleton (C30) 
have also been isolated from prymnesiophyte algae of the order Pavlovales 
(Volkman et al., 1990), and with the 4-methylcholestane skeleton (C2s) from the 
methylotrophic bacterium Methylo..9occ_us capsulatus (Bird eta/., 1971). Regular 4-
methylsteranes are therefore not taxon-specific enough to interpret their occurrence 
in Archean bitumen below domain level. 
4a.,23,24-Trimethylcholestanes (dinosteranes) also occur in trace amounts in the 
Archean bitumens. Dinosteranes are abundant biomarkers in almost all Mesozoic and 
Cenozoic bitumens (Moldowan et a/., 1996) but have also been detected in the 
Paleozoic and Precambrian, albeit in lower concentrations (Moldowan et al., 1996). 
So far, the oldest known dinosteranes come from the ~l.lGa Nonesuch Shale, 
Michigan (Summons & Walter, 1990). The biological precursors of dino~teranes are 
dinosterols that are commonly regarded as diagnostic for dinoflagellates (Moldowan 
eta/., 1996; Moldowan & Talyzina, 1998; Robinson eta/., 1984; Summons eta!., 
1992; Summons et a/., 1987). However, dinosterols have been recorded in one 
species of chrysophyte diatom (Volkman et al., 1993). The presence of dinosterol in 
two different clades demonstrates that both Pyrrophyta and Chrysophyta have either 
independently acquired the biosynthetic capacity to generate dinosterol or have 
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inherited the anabolism from a common ancestor. Furthermore, dinosterol 
biosynthesis is probably a response to environmental conditions (e.g. water 
temperature; Nichols et a/., 1990) and it is therefore likely that it was independently 
acquired by other yet unlmown or extinct groups. The interpretation of dinosteranes, 
at least in Mesoproterozoic or older bitumen, is therefore highly problematic. 
The wide structural range of steranes in the Archean bitumens in relative abundances 
similar to those of many younger bitumens1s' evidence for the presence of eukaryotes 
in the late Archean. The phylogenetic status of the sterol producers within the 
domain Eucarya in the late Archean remains to be resolved. 
4.2.2. The conservatism of the biomarker record: Low levels of change through 
three billion years of lipid biosynthesis 
The most striking fact about the 2. 7Ga old Archean bitumens is their principle 
similarity to younger samples. All isomeric forms of the homologous series of 
straight and branched alkanes, acyclic isoprenoids, tricyclic diterpanes, methylated 
and non-methylated hopanes and steranes have previously been detected in similar 
relative abundances in the ~ale~proterozoic (Summons et a/., 1988b), · 
Mesoproterozoic (Pratt et al., 1991), Neoproterozoic (Summons et a/., 1988a) and 
throughout the Phanerozoic (Peters & Moldowan, 1993). Significant changes in the 
molecular fossil repertoire only occur in the post-Silurian with the addition of plant 
biomarkers. The following conclusions can be drawn. First, the biosynthetic 
repertoire for all principal carbon skeletons of membrane lipids had developed by the 
late Archean. These include straight chai:t:l alkanes, methylalkanes, acyclic 
isoprenoids, tricyclic terpenoids, hopanoids and steroids. Second, biosynthetic 
pathways leading to all important modified sterane and hopane skeletons, including 
A-ring methylation and side-chain modification, also had evolved by the late 
Archean. 
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4.2.3. Redox conditions in the depositional environment 
The relative abundance ofC31 to C35-17a(H),21J3(H)-hopanes in bitumen and oil can 
be used to obtain information about redox conditions in depositional envirorunents 
(Peters & Moldowan, 1991). The lower hopane homologues are generated during 
early diagenesis, either in the water column or in the bottom sediment, by 
fragmentation of the polyfunctionalized ·~ide-chain of bacteriohopanoids, as for 
example 2J3-methylbacteriohopanetetrols of cyanobacteria (Fig. 4-4). Under oxic 
conditions the side-chain suffers enhanced degradation and the distribution profile of 
C31 to C35-hopanes is characterized by a steady decline in concentration with 
increasing carbon number (Fig. 3-4). In contrast, under suboxic and reducing 
conditions, side-chain degradation is limited and the C35-homologue is preserved in 
higher concentrations. The concentration profile of the homohopane series might 
therefore carry information about redox conditions during diagenesis. 
Cn~ 
Figure 4-4. Preferred diagenetic side-chain fragmentation pattern for cyanobacterial 2~-methyl­
bacteriohopanetetrol under oxic conditions referring to Fig. 4-5. C3o. Cn and C34 are the carbon 
numbers of fragmentation products. 
The homologue distribution of 2a-methylhopanes and 3 J3-methylhopanes, here 
employed for the first time to reconstruct redox conditions, shows an interesting and 
anomalous behavior in the late Archean bitumens (Fig. 4-5). The C29 to C36-2a-
methylhopane series has in all anal~ed samples, including the upper Fortescue 
Group and lowermost Hamersley Group from drillcore WRL-1 and samples from the 
Hamersley Group at Mt Tom Price and Mt Whaleback, a characteristic even-over-
odd predominance and rapidly declining concentrations with increasing carbon 
number (note that the methylhopane indices in Fig. 4-5 express abundances relative 
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Figure 4-5. 2a-methylhopane indices (left) and 313-methylhopane indices (right) for C3o to C36 A-ring 
methylated 17a(H),2 1 I3(H)-hopanes of samples from drill core WRL-1 (Maml ), Mt Tom Price (Da/1) 
and Mt Whaleback (Wa/2). The C11-2a-methylhopane index is defmed as C11-2a-MHI = C0 -2a-methyl-
17a(H),21 ~(H)-hopane I (Cn-2<X-methyl-17a{H),21 ~(H)-hopane + Cn-1- 1 7a(H),2 1 ~(H)-hopane) 
(Summons eta/., 1999). The Cn-313-methylhopane index is defined as Cn-3~-MHI = Cn-313-methyl-
17a(H),21(3(H)-hopane I (Cn-3!3-methyl-17a(H),2l~{H)-hopane + Cn_1-17a(H),21 ~(H)-hopane) (this 
work). 
to the concentration of the respective desmethylhopanes with one less carbon atom; 
absolute concentrations can be viewed in Fig. 3-6). The predominance of the 
c32-homologue relative to c31 and c33 is consistent with oxidative side-chain 
cleavage of a bacteriohopanetetrol to a C33 carboxylic acid and subsequent 
decarboxylation under non-reducing conditions (Peters & Moldowan, 1991). 
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The decline of the 2a-methylhopane index from -20% for C32 to -10% for C3s 
indicates that 2-methylhopanoids suffered greater side-chain degradation than 
desmethylhopanoids. Surprisingly, the distribution of 3~-methylhopanes is exactly 
the opposite, showing elevated concentrations of the C3s and C36-homologues and no 
preference for even or odd carbon numbers (Fig. 4-5). 
The following factors might have played a major role in the generation of the 
distribution differences between 2a-methylhopanes, 3~-methylhopanes and 
desmethylhopanes: (1) different substitution patterns in the side-chain (Peters & 
Moldowan, 1991), (2) differential incorporation into macromolecular matter during 
protokerogen generation (Sinninghe Darnste & de Leeuw, 1990; Sinninghe Darnste 
et a/., 1988) and (3) different redox conditions during diagenesis (Peters & 
Moldowan, 1991 ). While none of these can be ruled out, the third explanation, redox 
variance during diagenesis, fmds additional support from ecological considerations. 
The mudrocks that yielded the Archean bitumens were deposited below storm-wave 
base, possibly at considerable depth. In the absence of coelomate organisms that 
cause rapid transport of organic matter in the form of faecal pellets to the bottom 
sediment, particulate organic matter was probably extensively degraded as it sank 
slowly through the water column (Logan et al., 1995). Hopanoids from bacteria 
inhabiting an upper, oxygenated zofie of the water column were therefore probably 
initially degraded under relatively oxic conditions. This is supported by the strong 
pattern of oxidative side chain cleavage in the Archean 2a-methylhopane series and 
is consistent with 2a-methylhopanes being biomarkers for oxygenic cyanobacteria 
(Summons et al., 1999). Similarly, hopanoids derived from bacteria that thrive under 
suboxic conditions (anaerobic bacteria are not known to synthesize hopanoids; 
Ourisson et a/., 1987) might be recognized by preferential side-chain preservation. 
This may account for the relatively high concentrations of C35 and C36-3~­
methylhopanes in the Archean bitumens and would be consistent with their 
derivation from microaerophilic methanotrophs or methylotrophs (Rohmer et a/., 
1984). If this interpretation is correct, then the co-occurrence of side-chain-degraded 
and side-chain-preserved hopanes indicates the presence of redox stratification or 
redox gradients in late Archean marine environments. The relative distribution of 
desmethylhopane and methylhopane homologue-series has not been studied so far 
for younger bitumens or oils. Comparison of samples from different environments 
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such as anoxic basins, shallow and deep marine settings, microbial mats and 
stratified lakes might reveal different diagnostic patterns and possibly provide a new 
organic geochemical tool to study redox conditions in the paleo-water column. 
4.2.4. The carbon isotopic composition of kerogen and individual hydrocarbons 
."'./ 
The carbon isotopic composition of kerogen in the early Precambrian is characterized 
by a global excursion to very low 813C values between ~2.8 to 2.5Ga. In this period 
813C dropped to between -35%o and -50o/oo and occasionally to -60%o (Des Marais, 
1997; Des Marais et al., 1992; Strauss & Moore, 1992). Before and after this 
interval, kerogen isotopes were predominantly in the range -24 to -35%o (Strauss & 
Moore, 1992). The isotopic excursion in the late Archean is also reflected by 
kerogens analyzed in this work (Fig. 4-6; Fig. 3-12; Table 3-4). o13C for kerogens 
from the 2.78Ga Mt Roe Formation to the 2.60Ga Marra Mamba Iron Formation 
range from -37 to -47%o. Kerogens aged about 2.5Ga in the Mt McRae Shale and 
Brockman Iron Formation are significantly heavier with -32 to -35o/oo. 
A model explaining the secular carbon isotopic excursion in the late Archean has 
been proposed by Hayes (1983 & t$94). This envisages globally significant rates of 
methanogenesis with reintroduction of isotopically depleted methane-derived carbon 
into the kerogen reservoir by methanotrophic activity. Consistent with methane-
trophic activity in the late Archean is the presence of 3~-methylhopanes in the 
bitumens, and methanogenesis is potentially indicated by acyclic isoprenoids. 
However, the apparent absence of isotopically depleted lipids appears difficult to 
reconcile with the methanogen/methanotroph hypothesis. In the Mt McRae Shale and 
Brockman Iron Formation, Hamersley Group, n-alkanes are enriched in 13C relative 
to kerogen by 2 to 6%o and in the upper Fortescue Group and lowermost Hamersley 
. 
Group by 11 to 21%o (Fig. 4-6; Fig. 3-12; Table 3-4). But a simple quantitative 
model based on two groups of organisms with different isotopic compositions 
demonstrates that the co-occurrence '·of isotopically very light kerogens with 
isotopically heavy lipids is possible and potentially consistent with the 
methanogen/methanotroph hypothesis. In this model, the first group, L organisms, 
biosynthesize isotopically light organic matter (813CL) while H organisms contribute 
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Figure 4-6. Typical relationships between o13C of n-alkanes (n), acyclic isoprenoids Pr and Ph (P), 
and kerogen (K) in the late Archean bitumens, a Proterozoic mat facies, and Proterozoic and 
Phanerozoic marine samples. Data based on Logan eta/. (1999), Logan et al. (1997) and this work. 
isotopically heavy biomass to kerogen and bitumen (o13CH). It is assumed that lipid 
and non-lipid biomass in each group has approximately the same isotopic 
composition. If /K is the mass-fraction of non-lipid organic matter contributed to the 
kerogen by L organisms and 1-/K by H organisms, and if isotopic shifts in the 
transition from protokerogen to :mature kerogen are neglected, then the carbon 
" . 
isotopic composition of the resulting kerogen is 
o~3Ckerogen = /K o13Cr + (1-/K) o13CH 
Further, if the ratio of lipid to non-lipid material contributed to the sedimentary 
organic matter is x times higher in H organisms than in L organisms, then lipids in 
the bitumen will have the average isotopic compositiOn 
o13C!ipids = /Kf(x-x/K+IK.) ~13CL + (1-/K/(x-x/K+/K)) o13CH 
Assuming o13Cr = -80%o for methanotrophs (Hayes, 1983), o13Cn = -26o/oo for 
phototrophs, /K = 20% and x = 10 then the resulting kerogen will have an isotopic 
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composition 8 13Ckerogen = -36.8%o and n-alkanes in the bitumen o13Cn·alkanes = -27.3%o. 
The isotopic disparity is .6.o13C = 9.5%o, similar to values found in most late Archean 
kerogen/bitumen pairs. If the relative contribution of organic matter to the kerogen 
by methanotrophs increases to /K = 40% then 813Ckerogen = -47.6%o and o13Cn·alkanes = 
-29.4o/oo. The resulting isotopic kerogen/bitumen disparity is .6.813C = 18.2%o, 
equivalent to the highest values in the Archean samples. Also, the transition from 
o13Ckerogen = -37o/oo to -48o/oo leads, in the moa~I, to a decrease in o13Cn-alkanes by only 
~2o/oo. In the Archean samples a systematic variation of o13Cn-alkanes with 813Ckerogen by 
~2%o was not observed (Fig. 3-12), probably because such a small isotopic 
fluctuation would have been masked by in situ mixing of gas-condensates. 
The main factor that determines the carbon isotopic disparity between kerogen and 
bitumen is x, and the existence of mechanisms causing values as high as x = 10 is 
crucial for the validity of the above model. Four biological mechanisms are 
suggested. 
(1) x will be high when H organisms produce a higher proportion of lipids relative to 
total biomass than L organisms. A lipid content of 20% in H organisms and 2.4% 
in L organisms would result in x = 10. These values are plausible as such 
differences in lipid contents hav~ fre9.uently been observed in extant organisms. 
For example, the cyanobacterium Nostoc carneum contains ~22% lipids in its 
total dry cell mass (Kohlhase & Pohl, 1988) whereas the methanogen Methano-
bacterium thermoautotrophicum only contains 2.8% (Rowland, 1990). 
(2) A high x value also results when lipid material of H organisms is less prone to 
biological reworking or other forms of degradation than lipids of L organisms. 
The highly resistant and lipid-rich algaenans from some extant algae is the best 
example for such a system (Tegelaar et a/., 1989). However, pyrolysis 
experiments indicate that input of macromolecular lipids into late. Archean 
kerogens was probably low and this mechanism is therefore less likely than the 
previous explanation (Chapter 5). 
(3) Very high x values seem possible when L organisms synthesize biodegradation-
resistant non-lipid macromolecules. Such resistant biomacromolecules might 
become enriched during diagenesis by two to three orders of magnitude relative 
to other organic matter (Tegelaar et a/., 1989). To explain the isotopically light 
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Archean kerogens in combination with isotopically heavy bitumen, L organisms 
would have to preferentially generate non-degradable non-lipid organic matter 
such as the cell wall material found in some extant bacteria. 
( 4) x might increase if organic matter from H organisms, relative to L organisms, has 
a longer residence time in environments promoting early diagenetic reworking. 
Lipids usually become gradually enriched during biodegradation, as protein- and 
carbohydrate derived organic matter is ·~nsumed first. Isotopically heavy lipids 
from phototrophic organisms might then become concentrated as their dead 
biomass sinks slowly through the upper, oxygenated wa~er column. The 
isotopically light, dead biomass from microaerophilic L organisms, on the other 
hand, is less exposed to oxygen, travels shorter distances to its final sedimentary 
sink and experiences a lower degree of recycling. Thus, isotopically heavy lipids 
might become more enriched relative to total biomass than isotopically light 
lipids. The degradation patterns of methylhopanes discussed in Section 4.2.3 are 
potential evidence that such a mechanism might have operated in the late 
Archean. 
Although other mechanisms might have been responsible for the carbon isotopic 
" disparities between the late Archean kerogens and bitumens, the simple model 
presented above demonstrates that a biological explanation is plausible. It also shows 
that the isotopic data is in principle consistent with Hayes' (1983) hypothesis of 
global methanotrophy. The source of the isotopically light organic matter is as yet 
unresolved but significant information about Archean biology may reside in its 
solution. It might be possible to detect the 13C depleted source by measuring carbon 
isotopic compositions of individual hopanes and steranes. However, this will only 
bec~me feasible with the discovery of Archean bitumens with higher biomarker 
concentrations. 
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4.2.5. Reconstruction of late Archean biodiversity 
To reconstruct the late Archean biosphere, biomarker data has to be viewed in the 
context of current paleontological knowledge. The following section reviews fossil 
and isotope evidence for the antiquity of the three domains of life - Bacteria, 
Archaea and Eucarya- and summarizes the new knowledge provided by the Archean 
biomarker record. An overview of the~iomarker interpretations is given in 
Table 4-1. 
Table 4-1. Interpretation of late Archean biomarkers. 
Archean biomarker 
n-Alkanes 
Methylalkanes 
Acyclic isoprenoids <C21 
Cyclohexylalkanes 
Cheilanthanes 
Hopanes 
2cx-Methylhopanes 
3 ~-Methylhopanes 
Diahopanes 
Neohopanes 
C16 to C3o Steranes 
4-Methylsteranes 
Dinosteranes 
2 and 3-Methylsteranes 
Diasteranes 
Mono and triaromatic 
steroids 
13C depleted kerogen 
Interpretation 
Predominantly membrane lipids of autotrophic and/or heterotrophic 
Bacteria and Eucarya 
Predominantly Bacteria 
Photosynthetic Bacteria; possibly photosynthetic Eucarya; possibly 
minor contribution from Archaea 
Diagenetic cyclisation products of unbranched lipids 
Probably Eucarya or Bacteria 
Bacteria, including cyanobacteria 
Cyanobacteria with oxygenic photosynthetic physiology 
Microaerophilic heterotrophic bacteria, probably methanotrophs 
and/or metbylotrophs 
Diagenetic rearrangement product ofhopanoids 
Diagenetic rearrangement product ofhopanoids 
Eucarya of unknown phylogenetic position and unknown 
physiology 
Eucarya of unknown phylogenetic position and unknown 
physiology 
Eucarya of unknown phylogenetic position and unknown 
physiology 
Diagenetic methylation products of desmethylsterols . 
Diagenetic rearrangement product of sterols 
Diagenetic and catagenetic dehydrogenation products of sterols 
Possible indirect evidence for methanotrophs and methanogens 
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Domain Bacteria 
Life on Earth probably existed before 3.8Ga (Mojzsis et al., 1996; Rosing, 1999; 
Schidlowski, 1988) and almost certainly before 3.5Ga (e.g. Shen et al., 2001; Walter 
et al., 1980). Much of the geochemical, isotopic and paleontological evidence of the 
antiquity of life is strongly suggestive, but not absolutely demonstrative, of the 
domain Bacteria (Buick et al., 1981; Rasmussen, 2000). Bacteria form a fundamental 
branch on the tree of life (Fig. 4-7; Woe~ et al., 1990), so an origin early in the 
Archean is very likely. However, the oldest unquestionably diagnostic morphological 
evidence for any bacterial organism does not appear in the fossil . record before 
2.15Ga (Hofmann, 1976). Accepting the syngeneity of the bitumens discussed in the 
current work, the presence of hopanes is the first unequivocal evidence for the 
domain Bacteria in the Archean. As bacteriohopanol biosynthesis occurs in a wide 
range of phylogenetically unrelated bacterial taxa, regular desmethylhopanes are 
undiagnostic (Ourisson eta/., 1987). However, taxonomic information below domain 
level can be obtained from hopanes carrying an additional methyl group at ring-A. 
For example, 2a-methylhopanes are diagnostic biomarkers for cyanobacteria and 
3~-methylhopanols are consistent with methanotrophs, methylotrophs or acetic acid 
bacteria. 
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Mlcrospor1dia 
Bacteria 
Green sulfur 
bacteria 
Thennodesu/fobacterlum 
Green non-sulfur 
bacteria 
Eucarya 
Animals 
Methanopyrus 
Dlplomonads 
Sulfolobus 
Archaea 
Thermoplasma 
Halobacterlum 
Figure 4-7. The fundamental tree of life updated with minimum ages of selected branches based on 
biogeochemical and paleontological data. New dates reported in this work are printed in italics. 
CD Indirect evidence for the activity of methanogenic Archaea derived from global carbon isotopic 
anomalies in the kerogen of ~2.8 to ~2.5Ga sedimentary rocks (Hayes, 1983; Hayes, 1994). 
@Biomarker evidence (2a-methylhopanes) for cyanobacteria (this work). ® Oldest known fossils 
with diagnostic cyanobacterial morphology from the 2.15Ga Belcher Supergroup, Canada, (Hofmann, 
1976). ®Biomarker evidence (diverse steranes) for Eucarya (this work). ~Oldest known fossils with 
possible eukaryotic morphology from the 2.1 Ga Negaunee Iron Formation, Michigan, (Han & 
• 
Runnegar, 1992). @ Previous oldest sterane biomarkers from the ~1.7Ga.Barney Creek Formation, 
McArthur Basin, Northern Territory (Summons et a/., 1988b). (£) Oldest known eukaryotic fossils 
assigned with confidence to an extant phyl~ (Rhodophyta) from the I .26 to 0.95Ga Hunting 
Formation, Somerset Island, Canada, (Butterfield et a!., 1990). @ Sulfur-isotopic evidence for 
mesophilic sulfate-reducing Bacteria from North Pole, Pilbara Craton, Western Australia, (Shen e/ a!., 
2001). Branch lengths and branching order are based on SSU rRNA modified from Shen eta/. (2001) 
and Canfield & Raiswell ( 1999). 
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Cyanobacteria 
The oldest alleged microfossils proposed to have elements of cyanobacterial 
morphology were detected in the 3.46Ga Apex Chert, Warrawoona Group (Schopf, 
1993). Cyanobacteria-like filaments have also been discovered in numerous other 
late Archean to Paleoproterozoic successions (Knoll, 1996; Schopf, 1994)). The first 
cyanobacteriomorph stromatolites appear in -2.8 to 2.7Ga Archean sedimentary 
rocks from marginal marine, lacustrine an~..fluvial environments (Walter, 1994). 
Buick (1992) also argued that stromatolites in sulfate-deficient lakes of the 2.72Ga 
Tumbiana Formation, Fortescue Group, must have had an oxygenic photosynthetic 
constructor as alternative sources of energy were absent, and thus were probably 
cyanobacterial. However, the existence of cyanobacteria in the Archean is presently 
only supported by circumstantial evidence and the oldest microfossil with a 
diagnostic morphology for cyanobacteria, from the Belcher Supergroup, Canada, is 
younger than 2.15Ga (Node ® in Fig. 4-7) (Hofmann, 1976). The oldest molecular 
markers for cyanobacteria (2o:-methylhopanes) so far detected were in the -1.7Ga 
Barney Creek Formation (Summons et a/., 1988b). The high abundance of 
2o:-methylhopanes in late Archean bitumens now confirms that cyanobacteria were 
indeed extant by 2.7Ga (Node@ in Fig. 4-7) (Brocks eta/., 1999; Summons et al., 
1999). Phylogenetic analysis of genes involved in photosynthesis from all major 
groups of photosynthetic bacteria suggests that bacteriochlorophyll developed earlier 
than chlorophyll (Xiong et a/., 2000). All five lineages of anoxygenic and oxygenic 
photosynthetic bacteria - heliobacteria, purple bacteria, green sulfur bacteria, green 
nonsulfur bacteria and cyanobacteria- were therefore probably present by 2. 7Ga. 
The presence of 2o:-methylhopanes might not necessarily equate with oxygen 
generation as some cyanobacteria can grow heterotrophically or by anoxygenic 
photosynthesis (Brock & Madigan, 1991). However, the side-chain degradation 
pattern of the 2o:-methylhopane homologous series shows that late Archean 
cyanobacteria lived in an oxygenated environment (Section 4.2.3). The prevalence 
and abundance of cyanobacterial biomarkers in the Archean bitumens is testimony, 
therefore, of the occurrence of oxygen excretion well before significant oxygen 
accumulated in the atmosphere around 2.0Ga (Holland & Beukes, 1990). One major 
sink for the excreted oxygen was reduced iron, and cyanobacterial biomarkers are 
indeed abundant in shales interbedded with oxide-facies banded iron formations 
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(BIF) of the Hamersley Group. Therefore, although BIF could in principle have been 
formed by abiotic photochemical processes (Braterman et a/., 1983) or by 
anoxygenic phototrophic bacteria (Widdel et a/., 1993), those in the Hamersley 
Group probably formed as a result of photosynthetic oxygen production (Brocks et 
al., 1999). 
Methanotrophs 
.-. . / 
Direct fossil evidence for methanotrophic bacteria in the Archean or any other period 
does not exist. However, the global negative carbon isotopic anomaly of kerogen 
during the late Archean may be indirect evidence for their existence by 2.8Ga. 
According to Hayes (1983), isotopically light methane generated by methanogens 
was re-introduced into the sedimentary record by methanotrophs. As isotopically 
light kerogens occurred globally and the excursion extended over more than one 
hundred million years, Hayes coined the term "Age of Methanotrophs" to describe 
the late Archean (Hayes, 1994). Although the methanogen-methanotroph hypothesis 
is compelling, the carbon isotopic excursion does not provide information about the 
taxonomic affinity of the methane recyclers. However, possible evidence that they 
were related to extant methanotrophic bacteria is now provided by the presence of 
the 3~-methylhopane series in the ·late Archean bitumens. The preferential 
preservation of the oxygen-sensitive C3s and C36-homologues suggests that the 
source organisms of 3~-methylhopanes lived under suboxic conditions, an 
environment also preferred by extant methanotrophs (Section 4.2.3). 
However, 3-methylhopanoids have also been isolated from methylotrophic and acetic 
acid bacteria and may exist in other as yet unknown groups. Also, enhanced methane 
recycling by organisms related to extant methanotrophs should have left higher 
concentrations of isotopically light lipids. A continuing search for methanotrophic 
activity should be focussed on the detection of 13C depleted hopanoids and other 
lipids. 
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Domain Arcbaea 
Morphological fossils diagnostic for organisms of the domain Archaea do generally 
not exist (Summons & Walter, 1990). The only indirect geochemical evidence for 
Archaea in the Archean is the global occurrence of kerogens strongly depleted in 13C 
at ~2.8 to 2.5Ga (Hayes, 1994). 
Acyclic isoprenoids with more than 20 and up to 40 carbon atoms and different 
. -~ 
modes of isoprenoid linking are diagnostic biomarkers for the domain Archaea 
(Brassell et al., 1981; Grice eta/., 1998; Summons, 1987; Vink eta/., 1998). Shorter 
C14 to C2o-isoprenoids are also abundant in some halophiles and methanogens but 
they are frequently not distinguishable from degradation products of the phytyl side 
chain of· chlorophylls (Rowland, 1990; Volkman & Maxwell, 1986). The late 
Archean bitumens only contain acyclic isoprenoids with less than 21 carbon atoms. 
Although a contribution from Archaea cannot be excluded, these acyclic isoprenoids 
are more probably derived from phototrophic organisms. 
Domain Eucarya 
Body fossils attributed to eukaryotes have never been recorded in rocks of Archean 
age. The oldest fossils proposed to. have eukaryotic affinity are 2.1 Ga old 
carbonaceous compressions of coiled filaments with a diameter of up to 30mm 
(Grypania) from the Negaunee Iron Formation, Michigan (node~ in Fig. 4-7) (Han 
& Runnegar, 1992). Younger Paleoproterozoic fossils with eukaryotic morphology 
include spheromorphic acritarchs (Zhang, 1986) and large sized discs and filaments 
(Hofinann & Chen, 1981) from the ~1.8 to 1.9Ga Chuanlinggou Formation, China. 
The oldest molecular evidence diagnostic of eukaryotes comes from sterane 
biomarkers in bitumen of the ~ 1. 7Ga Barney Creek Formation (node ® in Fig. 4-7) 
(Summons et al., 1988b) and the oldest eukaryotic fossils that can be assigned with 
. 
confidence to an extant phylum are rhodophyte algae from the 1.26 to 0.95Ga 
Hunting Formation, Somerset Island, Canada (node <V in Fig. 4-7) (Butterfield et al., 
1990). However, the lack of fossils with eukaryotic morphology in rocks older than 
2.1 Ga is not evidence for the absence of Eucarya in the Archean. Eukaryote 
microfossils are usually preserved in shales, which in Archean terrains are almost 
always metamorphosed and deformed, restricting the likelihood of their preservation 
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even if they had already evolved. Furthermore, extant eukaryotes occupying lower 
branches on the phylogenetic tree lack degradation-resistant structures. Thus it seems 
reasonable to assume that any eukaryotes in the Archean would also have had a low 
potential for preservation (Knoll, 1992). Archean Eucarya also might have inhabited 
environments unfavorable for fossilization. Further, the likelihood that ultrastructures 
of eukaryotic cells are still preserved in metamorphosed Archean rocks is very low, 
in which case fossils of small ancestral eumyotes would be difficult to distinguish 
from prokaryotes. Indeed, small body-size may have been a common phenomenon in 
Archean and early Paleoproterozoic eukaryotes, as low diffusion distances can 
potentially compensate for a limited oxygen supply in the surface waters before 
~2. 1 Ga. So, the absence of microfossils with familiar eukaryotic morphology should 
not be unexpected and cannot be used to rule out the existence of eukaryotes in the 
Archean. However, indirect evidence for an early evolution of Eucarya is strong. 
Based on its complexity, size and structural rigidity, the 2.1 Ga old fossil Grypania is 
considered to be a crown group eukaryote with algal affinity (Han & Runnegar, 
1992). These authors argued that the endosymbiotic conversion of pro teo bacteria and 
cyanobacteria into mitochondria and chloroplasts and therefore the development of 
the entire complex eukaryotic organization must have taken place before - 2.1 Ga. 
This would almost certainly plac_~ th~ first stem-group eukaryote, the common 
ancestor of all extant and extinct eukaryotes, in the Archean (>2.5Ga). 
Circumstantial evidence for the existence of eukaryotes prior to 2.5Ga has also been 
drawn from the global carbon isotopic excursion of kerogens in the late Archean 
(Han & Runnegar, 1992). As previously mentioned, the isotopically light kerogens 
are best explained by widespread methanogenic activity and re-introduction of 
isotopically depleted methane-derived carbon into the sedimentary record (Hayes, 
1983; Hayes, 1994). Large-scale methane generation points to the existence of 
methanogenic Archaea. As Archaea and Eucarya evidently shared a common 
' 
ancestor, this would suggest that stem group Eucarya existed by the late Archean 
(Han & Runnegar, 1992) (Fig. 4-7; for an alternative view see Lake, 1988). 
However, organisms ancestral to Archaea could, in principle, have already possessed 
a methanogenic metabolism, as many of the most basal clades of Archaea are 
methanogens and so this metabolism is possibly not a derived character within the 
lineage. 
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Accepting an Archean age for the bitumens studied here, the presence of steranes in 
it is the first direct evidence for the existence of eukaryotes in the Archean (node ® 
in Fig. 4-7) (Broclcs et a/., 1999). Although a wide variety of sterane biomarkers are 
present, they do not provide any taxonomic information below domain level. Thus 
the phylogenetic position of the late Archean eukaryotes remains obscure. It is, for 
example, unclear whether late Archean Eucarya had acquired mitochondria and 
chloroplasts or even whether key attribute.~.:like a cytoskeleton or nucleus were 
present. However, one key characteristic, sterol biosynthesis, had evidently already 
evolved. 
4.2.6. Constraints on late Archean oxygen levels 
Atmospheric oxygen levels in the late Archean were much lower than at present 
(Kasting, 1993), almost certainly <1% PAL (present atmospheric level) (Rasmussen 
& Buick, 1999). However, the Archean bitumens contain evidence that the photic 
zone of the water column was at least weakly oxygenated: 
(1) The bitumens contain molecular fossils ofbacteriohopanoids. Although hopanoid 
biosynthesis does not require ox:ygen, these lipids have never been isolated from 
-~ 
strict anaerobes (Ourisson eta/., 1987). 
(2) The presence of cyanobacterial biomarkers and acyclic isoprenoids evidently 
derived from chlorophyll are convincing evidence for oxygen release within the 
photic zone. 
(3) The difference in the side-chain degradation patterns of the 2cx.-meth.yl- and 
3~-methylhopane series is consistent with the presence of a redox gradient or 
redox stratification in the water column or within the bottom sediment. 
(4) The bitumens contain molecular fossils of sterols. Sterol biosynthesis in extant 
eukaryotes requires dissolved oxygen in concentrations equivalent to roughly 
1% PAL (Jahnke & Klein, 1983). 
The concentration of oxygen in Archean surface waters was thus probably high 
enough to allow aerobic respiration. Levels of dissolved oxygen equivalent to 1% 
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PAL can be maintained with continued biological input under an atmosphere almost 
devoid of oxygen (<<1% PAL) (Kasting, 1993). 
4.2. 7. Reconstruction of a late Archean open water ecosystem 
The late Archean sedimentary rocks studied in this work were mostly deposited in 
·~WI 
marine environments below storm wave base in anoxic settings, possibly indicating 
anoxic deep waters. Higher up, the water column within the photic zone was mildly 
oxygenated (~1% PAL) but oxygen concentrations in the atmosphere were probably 
well below this level. The photic zone was inhabited by oxygen-producing 
cyanobacteria, aerobic heterotrophic bacteria and eukaryotes of unknown 
physiology. The suboxic layer was inhabited by microaerophilic heterotrophic 
bacteria, possibly methanotrophs. Diagnostic biomarker evidence for organisms 
living in the anoxic zone and bottom sediments was not obtained but the 13C content 
of kerogen indirectly suggests activity of methanogenic Archaea. 
Particulate organic matter was extensively reworked as it sank slowly through the 
water column. Reworking conditions in the photic zone were oxidizing, as indicated 
by the degradation pattern in cyan~~act.erial biomarkers, while organic matter from 
microaerophilic bacteria in the subo,xic zone was altered under predominantly 
reducing conditions. Straight chain lipids from primary producers were extensively 
reworked and replaced by secondary, isotopically enriched lipids leading to the 
inverse carbon isotopic relationship between acyclic isoprenoids and n-alkanes. The 
sedimentation of reduced organic carbon indicates that heterotrophic reworking was 
incomplete and that excess oxygen must have escaped into the atmosphere or was 
consumed in marine oxygen sinks such as reduced volcanic gases, reduced 
hydrothermal metals and reduced terrigenous sedimentary detritus. 
4.3. Conclusions 
Accepting that the biomarkers discussed in the present work are indigenous and 
syngenetic, they bring unprecedented clarity to our view of the late Archean 
biosphere. The following conclusions can be drawn: 
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(1) The hopane biomarkers confirm the early existence ofbacteria. 
(2) High relative concentrations of 2a.-methylhopanes indicate that cyanobacteria 
were important primary producers prior to 2.7Ga. Oxygenic photosynthesis 
therefore evolved at least 700Ma before significant levels of oxygen accumulated 
in the atmosphere (Kasting, 1993). The presence of cyanobacteria, a relatively 
derived clade of photosynthesizers, also provides indirect evidence for 
heliobacteria, purple bacteria, green sulfti~ bacteria and green non-sulfur bacteria 
in the Archean. 
(3) The abundance of cyanobacterial biomarkers in shales interbedded with oxide-
facies banded iron formations of the Hamersley Group suggests that late Archean 
BIF formed as a result of biogenic oxygen production. 
(4) Biomarkers of the 3~-methylhopane series suggest that microaerophilic 
heterotrophic bacteria, probably methanotrophs and/or methylotrophs, were 
active in late Archean marine environments. 
(5) Although stable carbon isotopes ofkerogens suggest that methanogenic Archaea 
might have existed by 2.8Ga, diagnostic biomarkers for Archaea were not 
detected. 
( 6) The sterane distribution in reliitive abundances similar to those from the late 
Paleoproterozoic to Phanerozoic is convincing evidence for the presence of 
eukaryotes before 2. 7Ga. The domain Eucarya is therefore at least 600Ma older 
than indicated by current paleontological data. However, the phylogenetic 
position and morphology of Archean eukaryotes remains unclear. 
(7) The presence of biomarkers diagnostic of cyanobacteria and eukaryotes suggests 
minimum oxygen pressures equivalent to ~ 1% PAL in the upper water column. 
The oxygen concentration in late Archean surface waters was therefore high 
enough to support aerobic respiration. However, this does not imply that the 
atmosphere need have had similar oxygen levels. 
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4.4. Directions for continuing research 
The evidence for syngeneity of the late Archean bitumens is still equivocal. 
Therefore, the essential focus of further work should be to confirm the antiquity of 
the biomarkers. Then, analysis and comparison ofbiomarkers in rocks from different 
Archean environments, such as shallow versus deep marine, lakes versus rivers, 
clastic versus carbonate settings, will potentially offer new insights into early life. It 
might be ·possible to discover molecular fossils in rocks of still greater age. This 
might contribute a date of first appearance for steranes in the molecular fossil record 
or even the discovery of biomarkers with more 'primitive' structures. A continuous 
biomarker record from the late Archean to the Mesoproterozoic combined with 
paleontological and paleo-environmental data would provide information about the 
events that led to the most critical change in earth's history, the oxygenation of the 
atmosphere. 
.... .... 
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5. The origin and significance of aromatic hydrocarbons in shales 
associated with giant iron ore deposits in the Hamersley Province 
Abstract - Late Archean to earliest Paleoproterozoic shales 
associated with two giant iron ote deposits in the Hamersley 
Province, Western Australia, contain traces of solvent 
extractable saturated and aromatic hydrocarbons. The host 
rocks belong to the ~2.5Ga Mt McRae Shale and Brockman 
Iron Formation, Hamersley Group, and were collected in 
mines near Tom Price (Mt Tom Price) and Newman (Mt 
Whaleback). The saturated hydrocarbons in the rock extracts 
have the composition of highly mature gas condensates, but 
their integrity is somewhat ambiguous (Chapter 3). However, 
the aromatic fraction predominantly consists of unsubstituted 
two and three ring hydrocarbons that are demonstrably 
indigenous and syngenetic based on their unusual pyrolytic 
composition and the p~~se~ce of hydrocarbons with similar 
attributes covalently bound to the kerogen (Chapter 6). The 
bitumen composition is interpreted as recording the 
interaction of organic matter with hydrothermal fluids or 
oxidizing solutions overprinted by regional low-grade 
metamorphism. The organic matter could potentially have 
recorded flow direction, redox potential and temperature of 
fluids in the iron mines. Thus, a new organic geochemical 
approach is suggested for determining hypogene versus 
supergene controls on iron mineralization. 
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5.1. Introduction 
Minimally metamorphosed shales of the late Archean Hamersley and Fortescue 
Groups in the Pilbara Craton, W A, contain saturated and aromatic hydrocarbons 
(Brocks et. a/, 1999). The bitumens, including paleobiologically significant 
biomarkers, were detected in shales from a wide range of locations within the 
Hamersley Province in 2.76 to 2.48Ga old so~ce rocks (Brocks eta/., 1999; Brocks 
eta/., 2000). Bitumens from the Fortescue Group and saturated hydrocarbons from 
the Hamersley Group are described and interpreted in Chapter 3 & 4. This chapter 
concentrates on the unusual composition of the aromatic fraction extracted from 
shales of the Hamersley Group associated with two giant iron ore deposits, Mt Tom 
Price and Mt Whaleback. The chapter discusses the composition and distribution of 
the bitumens, explores connections between bitumen alteration and iron precipitation 
and fmally proposes a new organic geochemical approach that might help to 
distinguish between supergene and hypogene regimes of ore formation. 
Supergene and hypogene models of iron ore formation 
The host rocks of the bitumens are ~Jos~ly associated with two of the world's largest 
iron ore deposits. Mt Tom Price hosts close to one billion tons ofhigh·grade hematite 
ore and Mt Whaleback 1.7 billion tons (Harmsworth eta/., 1990). To reconstruct the 
mechanisms that have altered the bitumen it is necessary to understand the regimes 
of fluid flow in the incipient ore bodies. Two competing models, supergene and 
hypogene, have been suggested. 
Most iron ore deposits in the Hamersley Province formed from late Archean to 
earliest Paleoproterozoic chert·magnetite banded iron formations (BIF) by oxidation 
of magnetite to hematite and replacement of large volumes of silica and ot~er gangue 
material by iron minerals. The ore usually conforms to the bedding of the host BIF, 
and bedding laminae are partly still visible. Ore bodies clearly overprint folds 
ascribed to early phases of Ophthalmiah Orogeny -2.2Ga ago (Oliver & Dickens, 
1999). Ore formation is usually structurally controlled (Harmsworth eta/., 1990) and 
some ore bodies are located at depths >400m and are overlain by unmineralized BIF. 
At deposit margins highly enriched ore grades into iron~poor BIF in centimeter to 
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meter transitions (Barley et al., 1999). The two major ore types are martite-goethite 
and martite-microplaty hematite ores (martite is hematite after magnetite) (Barley et 
al., 1999; Harmsworth et al., 1990). 
According to the CSIRO-AMIRA version of the supergene model (Harmsworth et 
al., 1990; Morris et a/., 1980), the orebody grows from considerable depths towards 
the surface replacing BIF gangue minerals with hydrous iron oxides while magnetite 
is oxidized to martite. The model requireS"". structural conduits, such as faults, that 
allow the percolation of supergene water from the erosion surface down to great 
depths. At the erosion surface, supergene fluids dissolve high concentrations of iron 
from BIF mediated by the reducing capacity of interbedded organic matter. The 
reduced iron is transported along faults into underlying strata where it is oxidized and 
replaces dissolved gangue minerals. The gangue material, mostly BIF-silica, is 
dissolved and removed by cold water. The problematic step in the supergene model, 
the oxidation of ferrous iron at depth in the absence of oxidizing chemical species, is 
addressed by proposing an electrochemical redox system. Fe2+ is oxidized by 
electron transfer to BIF magnetite bands that are in conductive contact with the 
erosion surface where electrons are accepted by atmospheric oxygen. The electro-
chemical cycle is closed by ionic conduction through groundwater. This· process, 
resulting in the formation of deep-;martite-goethite ore, evidently took place during 
exposure of the Hamersley Group about 2.0Ga ago. The original martite-goethite ore 
was converted to martite-microplaty hematite ore during low-grade burial 
metamorphism at about_ 1.7Ga. Younger martite-goethite ore frequently found in 
association with metamorphosed martite-microplaty hematite ore apparently formed 
in a second mineralization event probably in the Mesozoic-Tertiary. 
Hypogene models (Barley eta!., 1999; Li et al., 1993; Martin et a!. , 1998; Oliver & 
Dickens, 1999; Powell et a!., 1999) suggest that the giant iron ore deposits were 
formed by heated fluids ascending from deeper strata. The rising fluids had a deep-
seated source (strictly hypogene) or were derived from downward percolating 
meteoric water driven by orogenic activity (syntectonic-meteoric model). Ascending 
hydrothermal fluids possibly mixed with descending cool oxygenated meteoric 
waters and introduced additional iron into the ore body. Chert and other gangue 
minerals were dissolved under hydrothermal conditions and then substituted by iron 
minerals. Initial hematite crystallization might have occurred at about 250°C at high 
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fluid pressures, although fluid temperatures might locally have reached more than 
400°C. Fluid flow was either driven by Ophthalmian orogenesis 2.2 to 2.4Ga ago 
and the eruption of the Cheela Springs Basalt at 2.2Ga (Powell eta/., 1999) or as a 
response to heat-flux during Wyloo rifting at ~2.0Ga (Barley eta!., 1999). 
The possible role of organic rich shale in the ore forming process 
.~ ... 
In both models, hypogene and supergene, organic matter could have played an active 
part in the ore forming process. BIF in Mt Tom Price and Mt Whaleback is 
interbedded and underlain by organic matter-rich shales capable of producing large 
volumes of petroleum. Petroleum-based fluids are known to affect the solubility of 
metal species by complexation and by modification of the solvation properties of 
hydrothermal fluids. Organic matter also serves as a redox partner in mobilization 
and precipitation of metal ions and sulfur species (Landais & Gize, 1997). Even if 
organic matter played a passive role during ore formation, it may contain a record of 
the conditions during the mineralization process. Studies of bitumen in other ore 
deposits have helped to reconstruct the redox state and composition of circulating 
fluids, the temperature during ore formation and the possible role of biological 
activity and meteoric weathering _(Gize, 1999; Landais & Gize, 1997; Simoneit, 
"" 
1993). The systematic study of bitumen in the giant iron ore deposits of the 
Hamersley Province could shed light on temperature and fluid flow history, and thus 
help distinguish between hypogene and supergene controls. 
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5.2. Results 
Samples described in this chapter include five shales collected in Mt Tom Price 
(Beel, Rae], Rae2, Rae6, and Dall) and three samples from Mt Whaleback (Rae3, 
Rae5 and Wa/2). Rae3 and Rae6 are unweathered mine-face samples; all other 
samples were collected from different diamond drillcores . 
Bulk characteristics and extract yields 
. 
·~Mf 
Results of the analysis of bulk characteristics of kerogen and bitumen are 
summarized in Table 3-1 . The kerogen content of Mt Tom Price samples ranges from 
1.3 to 7.8%. The Hamersley Group in the Tom Price area is metamorphosed to upper 
prehnite-pumpellyite facies (Smith et a/., 1982) and, consistent with this grade, 
dehydrogenation of the kerogen is advanced (H/C=<0.1 ; Hayes et a/., 1983). 
The total yield of solvent extractable organic matter varies markedly between 
. 
samples. Saturated hydrocarbons range from 0.06ug per gram of rock in Rae6 to 
lOOO~g/g in Rae2, representing a concentration difference of four orders of 
magnitude. Aromatic compounds are most abundant in Rael (27ug/g) and lowest in 
Rae3 (0.03ug/g). A similar variability was observed in the relative yields of saturated 
and aromatic hydrocarbons ranging from Sat/ Aro = 0.005 to 110 (Table 3-1 ). 
Bitumen composition 
Saturated hydrocarbons in samples from Mt Tom ~rice and Mt Whaleback were 
described in detail in Chapter 3. The n-alkane and methylalkane profiles are 
condensate-like in all samples except of Rae6 where diamondoid hydrocarbons are 
the only non-aromatic constituents. All samples, except Rae3 and Rae6, .also contain 
hopane and sterane biomarkers in concentrations significantly above laboratory 
background noise. While the distribution of saturated hydrocarbons in the Hamersley 
Group is generally similar to bitun1ens from the underlying Fortescue Group 
(Chapter 3), the composition of the aromatic fractions are fundamentally different. 
Figure 5-l shows GC-MS full scans of the aromatic fraction of typical samples from 
the Fortescue Group (TQP3) and the Hamersley Group (Rae5). TQP3 is dominated 
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Figure 5-1. GC-MS full scans of the aromatic fractions of (A) sample TQP3 from the Tassie Queen 
Mine near Marble Bar, Mt Roe Formation, Fortescue Group and (B) sample Rae5 from the Mt 
Whaleback Mine, Mt McRae Shale, Hamersley Group. The chromatogram in (A) is magnified 140 
times relative to (B). Cx refers to the total carbon number of substituents. X is an unidentified signal 
with the major mass-transition m/z = 194-7 179. Compound abbreviations are defined in 
Appendix IV. 
by alkylated polyaromatic hydrocarbons (P AH), especially alkylnaphthalenes 
(Cx-Naph) and alkylphenanthrenes (Cx-Phen) (Fig. 5-lA, Fig. 5-2A), a composition 
generally similar to most Phanerozoic bitumens and oils. In contrast,' almost all 
extracts from Mt Tom Price and Mt Whaleback contain very high relative 
concentrations of unsubstituted parent compounds, mainly naphthalene (Naph), 
biphenyl (BiPh), fluorene (Fl), dibenzofuran (DBF), dibenzothiophene (DBT), 
phenanthrene (Phen) and phenylnaphthalenes (PhN) (Fig. 5-IB, Fig. 5-2(B-F), 
Fig. 5-3). The relative concentration of monomethylated polyaromatic hydrocarbons 
(MePAH) is low and aromatic compounds with two or more substituents occur only 
14Q 
in trace amounts or are below the detection limit. The concentrations of parent 
aromatic hydrocarbons relative to the sum of all methylated homologues 
(PAH/MePAH) are summarized for all samples in Table 3-3. The ratios naphthalene 
versus methylnaphthalenes (Naph/MN), biphenyl versus methylbiphenyls 
(BiPh/MeBP) and fluorene versus methylfluorenes (Fl!MeFl) in the Hamersley 
Group are commonly> 1 and generally higher than in the Fortescue Group. In sample 
Da/1 from the Brockman Iron Formati<>Hi these ratios are <1, probably due to 
preferential evaporation of parent compounds relative to substituted counterparts 
(Fig. 5-2B). The highest P AH/MeP AH ratios are observed for dibenzothiophene 
versus methyldibenzothiophenes (DBT/MDBT) and phenanthrene versus methyl-
phenanthrenes (Phen/MP) (Table 3-3). In the Hamersley Group these ratios are 
generally >3 and in some cases >100, while in the Fortescue Group DBT/MDBT and 
Phen/MP are commonly <0.5. The only exception in the Hamersley Group is sample 
Rae2 (Fig. 5-2D). It has very low PAH/MeP AH ratios and resembles bitumens from 
the Fortescue Group, although it was also collected at Mt Tom Price along with Mt 
McRae Shale samples Rae], Bee] and Rae6. 
Another noteworthy characteristic of the aromatic hydrocarbon distribution is the 
low relative abundance of P AH with four aromatic rings or more. In most samples 
the abundance of pyrene (Pyr) is one to three orders of magnitude lower than that of 
phenanthrene while aromatic five-ring systems were below the detection limit. 1- and 
2-phenylnaphthalene (1-PhN and 2-PhN), eluting between phenanthrene and pyrene 
and identified in m/z = 204 mass-chromatograms, occur in unusually high relative 
concentrations (Fig. 5-IB). In Mt Whaleback samples, the sum of the concentrations 
of 1- and 2-phenylnaphthalene is 30% of the concentration of phenanthrene, and in 
Mt Tom Price samples it is 3 to 15%. The 1-PhN/2-PhN ratio is markedly different 
for Mt Whaleback (1-PhN/2-PhN = 6 to 9) and Mt Tom Price (1-PhN/2-PhN = 0.1 to 
0.3) (Table 3-3). The geological significance of the 1-PhN/2-PhN ratio h.as not been 
considered in the literature. However, in the Hamersley bitumens, thermal 
equilibration between the two isomers is probably not a constraint, as the thermal 
history at both, Tom Price and Mt Whal'eback, was similarly extreme. Increased post-
metagenetic phenylation of naphthalene at the 1-position by reaction with an 
unrecognized phenyl-donor is a mechanism that might have led to the increased 
1-PhN/2-PhN ratios and increased concentrations in Mt Whaleback samples. 
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Figure 5-2. Absolute concentrations of parent and monomethylated aromatic hydrocarbons and 
dibenzothiophenes. Black bars: unsubstituted parent compounds. White bars: the sum of all isomers of 
the corresponding monomethylated homologue~. The y-axis indicates absolute concentrations in ppb 
(ng per gram of extracted rock). (A) TQP3 from the Tassie Queen Mine near Marble Bar, Mt Roe 
Formation, Fortescue Group (cf. Chapter 8), (B) Dall from drillcore DE20/74 at Tom Price, 
Brockman Iron Formation, Hamersley Group and (C-F) samples from the Mt McRae Shale, Mt Tom 
Price, Hamersley Group: Rae] (drillcore 01185-81), Rae2 (drillcore B26-7), Beel (drillcore G906) 
and Rae6 (mine-face). Compound abbreviations are defmed in Appendix IV. 
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Figure S-3. Absolute concentrations of parent and monomethylated aromatic hydrocarbons and 
dibenzothiophenes from shales from the Mt Whaleback Mine. Black bars: unsubstituted parent 
compounds. White bars: the sum of all isomers of the corresponding monomethylated homologues. 
The y-axis indicates absolute concentrations in ppb (ng per gram of extracted rock). (A) Mine-face 
sample Rae3, Mt McRae Shale, Hamersley Group, (B) Rae5 (drillcore DDH324), Mt McRae Shale, 
Hamersley Group and (C) Wa/2 (drillcore DDH257), Whaleback Shale Member, Brockman Iron 
Formation, Hamersley Group. Compound abbreviations are defined in Appendix IV. 
Bitumen thermal maturity 
The thermal maturity of bitumens extracted from shales of the Hamersley Group was 
discussed in detail in Chapter 3. Condensate-like n-alkane . profiles, very high 
triaromatic and monoaromatic steroid parameters and very high methyladamantane 
and methyldiamantane indices indicate maturities in the wet-gas zone (Tables 3-7 
and 3-3). The upper limit of thermal maturity is bracketed by the preservation of 
traces of steranes and hopanes. The very high relative concentration of parent over 
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alkylated aromatic hydrocarbons is consistent with maturity in the wet-gas zone and 
might indicate bitumen alteration during short periods of pyrolytic heat. 
Sample integrity 
The integrity of samples from the Hamersley Group was discussed in Chapter 3. 
Aliphatic hydrocarbons and biomarkers are characterized as 'probably syngenetic' 
mainly based on signatures of very high thermal maturity, typical Precambrian 
characteristics and the prevalence of similar bitumens at several locations in the 
Hamersley Basin. Diamondoids and aromatic compounds are interpreted as 
'certainly syngenetic' based on their unusual composition and on pyrolysis 
experiments on the kerogen (Chapter 6). 
Biodegradation, water washing and aerial oxidation 
Post Archean biodegradation, water washing or weathering might have affected the 
original composition of the bitumen and might so have contributed to the unusual 
distribution observed now. However, microbial degradation and water washing 
reduce, not increase, the relative concentration of parent P AH relative to alkylated 
....... . 
P AH (Rowland et a/., 1986). Aerial oxidation of aromatic hydrocarbons could 
potentially have increased the P AH/MeP AH ratios (Smith et a/., 2000) but most 
analyzed shales contain unweathered pyrite indicating that exposure to oxygen was 
low. 
Correlation between bitumen composition and oxidation state of iron minerals 
To explore a possible correlation between the oxidation state of iron minerals in the 
host rocks and the degree of dehydrogenation of bitumen, approximate contents of 
iron oxides and sulfides were determined by XRD (x-ray diffraction) and compared 
with the concentrations of saturated versus aromatic hydrocarbons (Sat/ Aro) 
(Table 5-1). A clear correlation between the net oxidation state of iron minerals and 
Sat/Aro was not observed. However, possible redox-relationships might be indicated 
by (1) the high pyrite content and high Sat/ Aro ratio in Rae3 (low degree of mineral 
oxidation and bitumen dehydrogenation) and (2) the high hematite content and low 
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Sat/ Aro ratio in Rae6 (high degree of mineral oxidation and bitumen dehydro-
genation). A greater number of samples and more accurate measurements of the 
redox state of minerals are required to determine whether a genuine trend exists. 
Table 5-l. Content of pyrite, magnetite and hematite in shales of the Hamersley Group determined by 
XRD-analysisa of rock powder (w/w%) in comparison to the relative concentration of saturated versus 
aromatic hydrocarbons (Sat/Aro). ....... · 
Pyrite Magnetite 
-
Dall <1% b 
Rael <1% < 1% 
Rae2 2% 3% 
Rae6 7% 5% 
Beel 3% 
WaJ2 
-
I% 
Rae3 34% 
RaeS 
a) Absolute error >2%. b) '-'=Not detectable. 
5.3. Discussion 
Hematite 
4% 
16% 
8% 
Sat/Aro 
8.5 
16 
110 
0.005 
7.5 
6.5 
70 
5.1 
The b itumens from the iron ore,mines at Mt Tom Price and Mt Whaleback are 
unusual. They are characterized by high relative concentrations of parent aromatic 
hydrocarbons, high relative concentrations of dibenzofuran, dibenzothiophene and 
phenylnaphthalenes, very low relative concentrations of hydrocarbons with four or 
more aromatic rings, large variations in the relative concentration of saturated versus 
aromatic hydrocarbons, large variations in absolute bitumen abundances, condensate-
like alkane profiles and the presence of sterane and hopane biomarkers. Four 
processes that could have been responsible for bitumen alteration in the iron ore 
mines are outlined below. 
(1) The Hamersley Group in the Tom Price and Newman areas was regionally 
metamorphosed to prehnite-purnpellyite facies at temperatures between 200°C 
and 300°C and possibly higher (Chapter 2). Thus, metagenesis induced by. burial 
might have caused the aromatization and dealkylation. 
(2) Sediments and iron ore in the Tom Price area are intruded by northwest-trending 
dolerite dikes that have been interpreted as feeders to the 2.2Ga Cheela Springs 
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Basalt (Powell et a!., 1999). Emplacement of magma into the black shales would 
have caused short periods of pyrolytic temperatures in the aureole of the 
intrusion (Clayton & Bostick, 1985) contributing to the varied pyrolytic bitumen 
signatures 
(3) Bitumen alteration in Mt Tom Price might have been hydrothermal. Fluid 
inclusions trapped in quartz contain primary high and low concentration brines 
. 
trapped at 150 to 250°C (Barley et"al., 1999). Oxygen isotopes and fluid 
inclusion data suggest that fluid temperatures were >200°C and locally up to 
400°C (Powell et a!., 1999). Thus, it was argued that iron ore mineralization at 
Tom Price· was hydrothermal (Barley eta!., 1999). This view is supported by the 
presence of hydrothermal breccia, the removal of huge amounts of silica from 
BIF, the deep subsurface position of some ores (Barley et a!., 1999) and the 
regional disturbances of isotopic and elemental ratios (Powell et al., 1999). The 
fluid flow that possibly initiated hydrothermal bitumen alteration and transport 
was either driven by Ophthalmian orogenesis 2.2 to 2.4Ga ago and the eruption 
of the Cheela Springs Basalt at 2.2Ga (Powell et a!., 1999) or as a response to 
heat-flux during Wyloo rifting at about 2.0Ga (Barley eta!., 1999). 
( 4) The composition of the Han1ersley bitumens could also be the result of non-
thermal dehydrogenation of hydrocarbons by oxidizing fluids consistent with 
supergene models of ore formation and similar to the 'ascending brine theory' of 
copper mineralization in the Permian Kupferschiefer in Europe (Piittmann et a!., 
1990). 
The possible contributions of these four processes to organic matter alteration are 
considered in more detail in the following sections. 
5.3.1. Burial metamorphism. 
The bitumen composition in the Hamersley Group was clearly affected by regional 
metamorphism. The generally very high them1al maturity of all samples ·might 
therefore be the results of deep burial. However burial metamorphism alone is not 
sufficient to explain all of the observed hydrocarbon patterns: 
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(1) The uniform temperature regime associated with burial is inconsistent with the 
large variations in bitumen composition. For example, the relative abundance of 
saturated versus aromatic hydrocarbons fluctuates between Sat/ Aro = 0.005 and 
110 in closely spaced samples from Mt Tom Price and between 5 and 70 from Mt 
Whaleback. Absolute concentrations of aromatic hydrocarbons in Mt Whaleback 
sample Rae5 are more than 500 times higher than in Rae3. Sample Rae2 has low 
relative concentrations of unsubstimled aromatic hydrocarbons (PAR I 
MePAH < 0.5) while all other shales from Mt Tom Price have very high, but 
varying, relative concentrations ofparent PAR (PAH!MePAH >>1) (Table 3-1). 
(2) The thermal stress exerted by burial metamorphism generally lasts several 
million years. If heat-flow prevailed over such extended periods of time, then a 
temperature regime hot enough to cause massive dealkylation of aromatic 
hydrocarbons would almost certainly also have led to the quantitative loss of 
sterane and hopane biomarkers. However, the preservation of these complex 
structures suggests that P AH -dealkylation was a rapid and localized event 
( cf. George, 1992; Gieskes eta!., 1988; Piittmann eta!., 1990). 
Thus, bitumens from the Hamersley Group near Tom Price and Newman were 
thermally altered by burial metamorphism, but the large variations in composition 
and extract yields, and the co-octurrence of parent P AH with C3o+ biomarkers 
suggest that localized and short-term events must have caused additional alteration 
and bitumen redistribution. 
5.3.2. Contact metamorphism 
Small dikes and sills intruding kerogenous sediments exert a short pulse of pyrolytic 
heat (Clayton & Bostick, 1985) leading to localized changes in org<l;11ic matter 
distribution (Murchinson & Raymond, 1989). For example, George (1992) studied 
the composition of bitumen from a siltstone close to a 3.5m thick quartz-dolerite 
dike. At 2.5m distance from the intrusion the composition of aromatic hydrocarbons 
was virtually unaffected by the heat source and alkylated aromatic hydrocarbons, 
P AH with more than three aromatic rings and waxy alkanes were all abundant. At 
18cm distance from the dike the composition was very different. Parent aromatic 
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hydrocarbons relative to alkylated homologues were very high and the concentration 
of P AH with more than three aromatic rings diminished. Moreover, aliphatic 
hydrocarbons close to the dike resembled gas-condensates, and hopane and sterane 
biomarkers were still preserved. Thus, the composition of saturated and aromatic 
hydrocarbons at 18cm distance from the dike was remarkably similar to bitumens 
from the Hamersley Group. 
. 
However, it is exceedingly unlikely thaf1ill Hamersley Group samples were close 
enough to a dike to generate the pyrolytic signatures. The extent of thermal aureoles 
around small intrusions rarely exceeds 30 to 200% of dike or sill thickness (Bishop 
& Abbott, 1995; George, 1992). While the temperature in samples in direct contact 
with small intrusions is in the range of 500 to 700°C for a short period (days to 
months) and can be as high at 1200°C, the maximum temperatures at 100% distance 
of intrusion thickness are commonly only around 250°C (Bishop & Abbott, 1995; 
Meyers & Simoneit, 1999). Therefore, pyrolytic alteration of bitumen is only 
discernible in close proximity to the heat source. While it is possible that 
unrecognized intrusions were very close to some of the Mt Tom Price and 
Mt Whaleback samples, it is highly unlikely that all samples were so affected. In 
particular the pyrolytic composition of mine-face sample Rae6 from Tom Price 
would require c1ose contact to ci""Volcanic intrusion. However, intrusions were not 
visible in the vicinity of the outcrop. Thus, although contact metamorphism might 
have contributed to the pyrolytic composition of some samples, it fails to explain the 
prevalence of the pyrolytic signal over a wide range of samples. 
5.3.3. Hydrothermal activity 
According to hypogene models of iron ore mineralization, Mt Tom Price and 
. 
Mt Whaleback were ancient hydrothermal systems. A hydrothermal system that is 
active today exists in the Guaymas spreading center in the Gulf of California. A 
comparison of the hydrothermal petroleum generated in this system with the 
Hamersley bitumens might give information about the processes that occurred at 
Mt Tom Price. 
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In the Guaymas spreading center, hydrothermal fluids with temperatures of 60°C to 
more than 400°C rise through several hundred meters of sediments deposited in a rift 
basin .(Simoneit, 1993). Organic matter in contact with these hot fluids generates 
hydrothermal petroleum in a rapid, pyrolytic process (Simoneit, 1985). In the hottest 
areas, unsubstituted P AH and dibenzothiophene are formed in high relative 
concentrations and the n-alkane distribution resembles gas condensates (Gieskes et 
a!., 1988). The generated petroleum has a.lligh solubility in the supercritical fluids, 
and the products are therefore rapidly removed from the heat source by advection, 
diffusion, distillation and hydrothermal fluid circulation (Simoneit, 1985). During 
migration of the hydrothermal solution upward through the sediment pile, organic 
constituents start to condense according to ambient temperature and pressure 
conditions. P AH and sulfur condense in hot areas, higher alkanes precipitate in 
intermediate temperature regions (20 to 80°C) and more volatile components collect 
in cold areas (Simoneit, 1985). Thus, the complex temperature regime in 
hydrothermal systems and the transport of petroleum in supercritical fluids result in 
redistribution of aromatic and saturated constituents. The mixing of pyrolytic 
hydrocarbons with less mature petroleums at different locations results in 
considerable variations in hydrocarbon composition. Hydrothermal transport and 
fractionation of P AH may even le~ to .the precipitation of pure P AH minerals (Wing 
& Bada, 1991). 
The bitumen compositions and distributions at Mt Tom Price and Mt Whaleback are 
consistent with the observations in the Guaymas system. Typical hydrothermal 
signatures ·in the Archean bitumens include the inhomogeneous distribution of 
aromatic and saturated hydrocarbons within the mines, the co-occurrence of pyrolytic 
hydrocarbons and thermally unstable biomarkers, the unusually high concentrations 
of parent PAH and dibenzothiophene and the condensate-like composition of the 
saturated hydrocarbon fraction (cf. Fig. 12d in Gieskes et a/., 1988). The only 
' 
marked difference to recent hydrothermal petroleums is the very low relative 
concentration of PAH with more than three aromatic rings. Hence, hydrothermal 
activity in the Tom Price and Newman 'areas, together with burial metamorphism and 
possibly contact metamorphism, is probably sufficient to explain all compositional 
characteristics. A second model, also consistent with all observations, is the non-
thermal dehydrogenation of organic matter by oxidizing brines. 
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5.3.4. Cool oxidizing brines 
The Permian Kupferschiefer horizon in southwest Poland contains an assemblage of 
saturated and aromatic hydrocarbons (Piittmann eta/., 1988) that is strikingly similar 
to the bitumens found in the Mt Tom Price and Mt Wbaleback iron deposits 
(Fig. 5-4). The upper part of the lm thick marl section in the Kupferschiefer contains 
bitumen rich in saturated hydrocarbons, .... comparatively low in P AH and with 
relatively low ratios of parent versus alkylated PAH (phenanthrene I methyl-
phenanthrenes ""2) (Fig. 5-4A). Down section the saturated hydrocarbons gradually 
disappear while the absolute and relative concentrations of parent P AH increase 
(Fig. 5-4B-D). In the bottom sample the ratio phenanthrene I methylphenanthrenes is 
> 10 and the dominant compounds are naphthalene, biphenyl, dibenzofuran, 
dibenzothiophene and phenanthrene (Fig. 5-4D). In the Kupferschiefer, this bitumen 
distribution is always associated with copper mineralization and Rote Faule, a 
hematite stained irregular oxidation front arising from underlying strata (Piittmann et 
a/., 1988). 
According to Piittman's 'ascending brine theory' , oxidizing solutions transported 
large amounts of base metals from underlying red beds into the Kupferschiefer where 
organic matter supplied the reducing capacity to precipitate copper sulfides. Oxidized 
species in the solutions dehydrogenated the kerogen, destroyed saturated 
hydrocarbons and generated unsubstituted P AH (Pilttmann et a/., 1991 ; Piittmann et 
a/., 1990). This alteration process apparently occurred at temperatures of less than 
150°C (Sun & Pilttmann, 1996). The unsubstituted P AH in the Kupferschiefer are 
therefore not the products of thermal degradation, as in hydrothermal systems, but of 
chemical dehydrogenation. 
A mechanism for this process was suggested by Gize (1999) in which metal sulfides 
are oxidized to elemental sulfur by oxygen-charged brines and saturated 
hydrocarbons are dehydrogenated and aromatized by reacting with the elemental 
sulfur. Sulfur is also incorporated into dehydrogenation products to form aromatic 
I 
sulfur-heterocycles such as dibenzothiophene. Dibenzothiophene is also abundant in 
the Hamersley Group. Gize (1999) further argued that the state of organic matter in 
iron-copper deposits is controlled by the thermodynamic system iron-sulfur-organic 
matter. According to this hypothesis, aliphatic hydrocarbons exist in geological 
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Figure 5-4. (A-D) Gas chromatograms of total rock extracts from the Kupferschiefer, and geological 
profile of a - 1m thick section (modified after Piittmann et a/. (1988) with permission from E lsevier 
Science). (E-H) Total extracts ofMt McRae Shale from four different locations in the Mt Tom Price 
mine. Note that (E-H) were arranged to resemble (A-D); for the Mt McRae Shale a correlation of 
bitumen composition and distance from an oxidation horizon, as in the Kupferschiefer, has not yet 
been established. Compound identification a = naphthalene, b = biphenyl, c = dibenzofuran, 
d = dibenzothiophene and e = phenanthrene. 
systems where pyrite is the stable iron phase but are oxidized to PAH in the hematite 
stability field, which, in the case of the Kupferschiefer, is the Rote Paule zone. 
There are strong similarities between bitumens in the Permian Kupferschiefer and in 
the Archean iron deposits. The Kupferschiefer is a kerogenous marly shale 
associated with Cu mineralization modified by oxidizing solutions, whereas the 
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Mt McRae Shale is a highly kerogenous shale associated with oxidative iron 
mineralization. Both yield extracts with extremely variable Sat! Aro ratios, from 
almost purely aromatic to highly saturate-dominated (Fig. 5-4). In the Mt McRae 
Shale and in the Kupferschiefer, higher alkanes are significantly depleted and the 
bitumen has a condensate-like profile. In both, polycyclic biomarkers in the ....C3o 
range are preserved despite almost complete loss of n-alkanes >n-C26 (Puttmann et 
a/., 1989). Ratios of parent over alkylated.P'AH are extremely high in both, and the 
dominant aromatic compounds are naphthalene, biphenyl, dibenzothiophene and 
phenanthrene, while higher molecular weight aromatic hydrocarbons such as pyrene . 
are far less abundant or absent. Concentrations of phenylnaphthalenes, less common 
compounds in most bitumens, are high in both the Mt McRae Shale and 
Kupferschiefer (Puttmann & GoBel, 1990). Differences between the Kupferschiefer 
and Hamersley shales are minor. Dibenzofuran and other oxygen-containing 
compounds are abundant in the former (Puttmann et a!., 1989) but less significant in 
the Archean shales. 
Thus, the 'cool oxidizing brine hypothesis' is consistent with the composition of 
individual bitumens in Mt Tom Price and Mt Whaleback and also accounts for 
differences between samples from the same formation collected in close proximity. 
The validity of the hypothesis could be tested by analyzing rock extracts either side 
of iron mineralization fronts on the periphery of mines in the Hamersley Province. 
5.3.5. Distinguishing hypogene and supergene models ofiron ore formation 
The composition and distribution of bitumen within shales in the Mt Tom Price and 
Mt Whaleback mines reflect the activity of hydrothermal and/or oxidizing solutions 
overprinted by regional metamorphism and locally by contact metamorphism. By 
analyzing the bitumen distribution in the giant iron ore deposits of the' Hamersley 
Province, it might be possible to reconstruct fluid flow pathways, fluid redox 
' 
potential and local temperature conditions. Supergene and hypogene mechanisms of 
ore formation require different regimes of fluid flow. The respective models will 
therefore predict different bitumen compositions in shales at different locations 
within the ore bodies. 
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The CSIRO-AMIRA supergene model requires the percolation of oxygenated 
meteoric water into weathering BIF. Near the surface, Fe(III) minerals are thought to 
be reduced and mobilized by oxidation of organic matter and transported as ferrous 
iron in aqueous solutions to greater depths. Near-surface shales, which should have 
recorded signs ofFe(III)-organic matter interaction, were most likely either removed 
by erosion or, if preserved, affected by post-metamorphic meteoric weathering 
causing total kerogen and bitumen destruc.tj.on. The descending brines, loaded with 
Fe(II), should be reducing and cold. The interaction of these brines with organic 
matter between the erosion horizon and deep-seated ore should have left indigenous 
bitumen intact. In the growing ore body, Fe(II) is thought to be oxidized in an 
electrochemical process by an anode at depth. Direct anodic oxidation of 
hydrocarbons in shales seems unlikely, but it is conceivable that anodically oxidized 
inorganic species diffused into shale interbedded with ore and created a bitumen 
oxidation pattern congruent with Figures 5~4A-D. Along the diffusion pathway, 
Sat/ Aro ratios should increase and P AH/MeP AH ratios decrease. The dehydro-
genation state of bitumen should also correlate with the oxidation state of iron 
minerals in the host shale. It is further predicted that under a supergene regime, 
shales underlying the ore body and distal to mineralization or distal to locations of 
electrochemical oxidation should be unaffected by organic matter dehydrogenation 
and therefore contain unoxidized, aliphatic-rich bitumen similar to Rae2 in 
combination with a reduced iron phase (e.g. pyrite) (Fig. 5E). 
Hypogene models suggest that hot fluids ascended from deeper strata. Shales affected 
by ascending hydrothermal, non-oxidizing fluids should contain pyrolytic bitumen 
similar in composition to Rael, Bee] or Rae6 (Fig. 5-4), possibly in association with 
a reduced iron phase (e.g. pyrite). This composition might also occur where silica 
dissolution was observed but iron ore formation did not take place, for instance distal 
to the ore body in the trajectory of approaching hydrothermal fluids. Shales distal to 
hydrothermal pathways might contain unaltered bitumen similar to Rae2 (Fig. 5-4). 
· The limited number of samples analyzed in this study does not allow discrim,ination 
between these two ore formation models. Future research should concentrate on 
systematic changes in bitumen composition with increasing distance from centers of 
iron precipitation, silica dissolution and volcanic intrusion. Freshly exposed sample 
material should be collected distal to the ore body, from shales underlying and 
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overlying zones of mineralization and from rocks interbedded with ore. Correlation 
between the dominant iron phase (pyrite, hematite, magnetite, goethite etc.) and the 
oxidation state of bitumen and kerogen might reveal a thermodynamic link between 
iron minerals and organic matter. The possible detection of hydrocarbons in fluid 
inclusions could open the possibility of correlating bitumen parameters with trapping 
temperatures, and thus creating an absolute temperature gauge for all locations in the 
mines yielding bitumen. . ...... 
5.4. Conclusions 
2.5Ga old Archean shales from the two giant iron ore deposits Mt Tom Price and Mt 
Whaleback in the Hamersley Province, Western Australia, contain traces of saturated 
and aromatic hydrocarbons. The h~st shales were regionally metamorphosed to 
prehnite-pumpellyite facies and are highly kerogenous. The compositions of the 
aromatic fractions are unusual. Parent PAH are abundant while alkylated 
homologues occur only in traces. The main constituents are naphthalene, biphenyl, 
dibenzothiophene and phenanthrene while higher molecular weight P AH are scarce. 
The aromatic compositions in the Hamersley Group differ from those in the older 
, . 
. Fortescue Group that, according to regional models, has a lower metamorphic grade. 
Fortescue bitumens contain high concentrations of alkylated polyaromatic 
hydrocarbons relative to the parent compounds. Large variations in the composition 
of bitumen between different samples within the iron ore deposits, the condensate-
like nature of the saturated hydrocarbon fractions and the high ratios of parent versus 
alkylated aromatic hydrocarbons are consistent with the effects of hydrothermal 
fluids or oxidizing brines overprinted by regional low-grade metamorphism. The 
composition and distribution of organic matter within the ore body might therefore 
have recorded the history of fluid flow and could also yield information ·about fluid 
temperature and redox conditions. A systematic study of freshly exposed shale and 
core material drilled under controlled c~nditions from the giant iron ore deposits in 
the Hamersley Province might help to distinguish between hypogene and supergene 
regimes of ore formation. 
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6. Hydropyrolysis experiments on late Archean and 
Mesoproterozoic kerogens 
Abstract - Graphitic kerogens (H/C<0.4) isolated from the 
2.5Ga Mt McRae Shale at Tom Price, Hamersley Group, 
Western Australia, were anal~ed by hydropyrolysis, a 
...... 
continuous-flow technique that degrades organic matter in a 
stream of high-pressure hydrogen. The pyrolysates yielded 
predominantly phenanthrene and pyrene while higher poly-
aromatic hydrocarbons and alkylated homologues were 
generated in low relative concentrations. Saturated hydro-
carbons were not detected. The molecular and carbon isotopic 
composition of the pyrolysates is very similar to aromatic 
hydrocarbons obtained by solvent extraction of the host rocks, 
indicating that at least the aromatic fraction of the bitumens is 
syngenetic and of Archean age. This provides the first 
incontrovertible evidence for a bitumen older than 1. 7Ga. The 
very high proportion of non-alkylated polyaromatic 
hydrocarbons in the pyi'olysates, and a marked concentration 
difference of pyrene in rock extracts and pyrolysates, is 
consistent with hydrothermal dehydrogenation of the kerogen 
and hydrothermal redistribution of the bitumen. The kerogen 
and bitumen composition is therefore consistent with models 
suggesting a hydrothermal origin for the giant iron ore 
deposits at Mt Tom Price. 
Comparison of the Archean samples with hydropyrolysates 
from immature Mesoproterozoic kerogens from the Roper 
Group, McArthur Basin, Northern Territory, and with 
pyrolysis experiments on Proterozoic kerogens in the 
literature suggests that Precambrian kerogens are frequently 
highly aromatic and lipid-poor regardless of thermal 
preservation. 
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6.1. Introduction 
Organic geochemical trace analysis of solvent extracts of late Archean 
metasedimentary rocks from the Hamersley Basin, Western Australia, reveals the 
presence of trace amounts of well preserved molecular fossils (biomarkers) and other 
saturated hydrocarbons (Chapter 3). If these molecular fossils are as old as their host 
. 
rocks then they open a new avenue to investigate the metabolic diversity of life on 
early Earth (Chapter 4). Late Archean shales collected in a giant iron ore mine at 
Tom Price also contain unusual assemblages ofpolyaromatic hydrocarbons (PAH) of 
possible hydrothermal origin (Chapter 5). If these molecules are indigenous then they 
could help resolve the mechanism of iron ore formation, either hypogene and 
hydrothermal or supergene and cold. However, the indigenous and syngenetic nature 
of the extractable molecules remains uncertain. In general, it can be extremely 
difficult to distinguish between indigenous Archean bitumen, anthropogenic 
contamination and migrated petroleum. However, molecular structures covalently 
attached to kerogen should be unaffected by liquid contaminations. Therefore, the 
analysis of Archean kerogens by pyrolytic degradation techniques might yield the 
information that is necessary to confirm or reject the indigenous and syngenetic 
nature of the Archean rock extracts. This chapter discusses hydropyrolysis 
experiments on highly overmature late Archean kerogens and correlates the products 
with the bitumens. For comparison, pyrolysates of thermally well preserved 
Mesoproterozoic kerogens were also generated and examined. 
6.1.1. Previous studies on Precambrian kerogens 
Pyrolytic or chemical degradation techniques for kerogen are well known and have 
been used to search for biological information in Precambrian rocks for ahnost 40 
years. The difficulty in distinguishing indigenous molecular fossils from 
contaminations stimulated exploration, mainly in the 1960s and 70s, for structural 
components covalently bound to Paleoproterozoic and Archean kerogens. A detailed 
overview of all degradative analyses of Precambrian kerogens reported prior to 1980 
is given by Hayes et a/. (1983). The early pyrolysis experiments yielded aromatic as 
well as aliphatic hydrocarbons with up to 15 carbon atoms. The fact that the 
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hydrogen-rich products were generated from 2.5 to 3.5Ga kerogens with bulk H/C 
ratios <<0.2 led Hayes et a/. (1983) to the conclusion that the pyrolysis products 
were not representative of the kerogen but contaminants trapped in the kerogen. 
Artificial contamination experiments, in which isolated Precambrian kerogen was 
stained with a series of 14C labeled compounds and then exhaustively extracted, 
showed that this explanation was reasonable (Oehler, 1977). The amount of 
contaminants remaining in the kerogen aft.OC the extraction was determined by the 
detection of residual radioactivity, revealing that up to 60J..Lg hydrocarbons per gram 
of kerogen were apparently ' irreversibly' adsorbed. As organic contamination of 
geological samples is a quite common phenomenon (Chapter 1), most pyrolysis 
experiments on Archean samples will thus have detected unknown and 
indistinguishable amounts of thermal desorption products. Desorption of volatiles 
was probably also responsible for most later discoveries of n-alkanes and isoprenoids 
in Paleoproterozoic and Archean kerogens from North America, Africa and Australia 
(Philp & van de Meent, 1983). 
Haering & Navale (1987) revisited the pyrolysis of Precambrian kerogens with more 
rigorous and cleaner methods and made an interesting observation: pyrolysis yields 
diminished with increasing age of the analyzed samples irrespective of the low 
thermal maturity of some of the analyzed kerogens. Samples older than 1. 7Ga did not 
yield any hydrocarbons at all, even during pyrolysis of up to 250g of rock powder. 
The authors attributed the lack of pyrolysis products in thermally well preserved 
kerogens to the destructive effects of geological time. An alternative and more 
appropriate explanation for low pyrolysis yields from Precambrian kerogens is 
discussed below. 
6.1.2. Hydropyrolysis 
The low H/C ratios of Archean kerogens and the difficulty of distinguishing between 
~dsorbed contaminations and covalently bound indigenous structures make 
conventional chemical degradation and pyrolysis techniques unsuited to this 
problem. The development of a more effective hydropyrolysis technique (HyPy) has 
made it possible to revisit the analysis of hydrogen-poor kerogens. Hydropyrolysis 
refers to pyrolysis under high hydrogen gas pressures (> lOMPa). Fixed-bed 
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hydropyrolysis in the presence of a dispersed sulfided molybdenum catalyst gives 
rise to overall carbon conversions greater than 85% for Phanerozoic Type I and Type 
II sulfur-rich kerogens and high volatile Type III coals (Maroto-Valer eta/., 1997; 
Roberts eta/., 1995; Rocha eta/., 1997). Using pressurized H2 gas and a catalyst, 
covalent bonds in kerogen are cleaved at lower temperatures than in more 
conventional pyrolytic techniques. Thus hydrocarbons generated by hydropyrolysis 
preferentially retain their original structures..and stereochemistry (Bishop eta!., 1998; 
Love et a!., 1997; Love et a/., 1995; Love et a/., 1998; Murray et a/., 1998b). 
Moreover, since the hydropyrolysis system is hydrogen saturated, char formation is 
suppressed potentially leading to increased yields of n-alkanes, hopanes and steranes 
(Love et a/., 1995). 
The greatest challenge in the analysis of trace amounts of pyrolysis products is to 
discriminate between background contamination caused by thermal desorption of 
residual bitumen and genuine kerogen degradation products. Residual hydrocarbons 
might be intercalated between layers of kerogen or adsorbed to its surface (Oehler, 
1977). Hydropyrolysis allows desorption of these contaminants by flushing the 
kerogen with hydrogen in a low-temperature step preceding the actual pyrolysis. As 
well, it is possible to isotopically label genuine cleavage products by switching the 
hydropyrolysis reaction medium to.;high-pressure deuterium gas (deuteropyrolysis). 
6.2. Experimental 
Kerogen preparation 
Kerogen was isolated from pre-extracted rock powder by HCl/HF digestion (cone. 
HCl for 24h and then 48% HF several times for 48 to 72h at room temperature). Acid 
resistant minerals were removed by floatation (ZnBr2 solution; p = 2.9g/ml). The 
concentrated kerogen was washed with distilled water, dried for 72 hours at 50°C in 
porcelain crucibles and then extracted by ultrasonication, twice in dichloromethane 
(DCM) (lOg, lOrnin) and n-hexane (lOg). To remove residual trapped bitumen, the 
kerogen was swelled twice by ultrasonication in pyridine (1 Og, 80°C, 2h). The 
pyridine was removed by centrifugation and the kerogen re-extracted with methanol 
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(1 Og) and three times with DCM (lOg). The cleaning steps were repeated if the last 
extract did not prove clean by GC-MS~SIR. 
Hydropyrolysis 
Kerogens were impregnated with an aqueous solution of ammonium 
dioxydithiomolybdate [(NH4)2Mo02S2] to ... ..give a nominal loading of 2 wt% 
molybdenum. Dioxydithiomolybdate reductively decomposes in situ under 
hydropyrolysis conditions above 250°C to form a catalytically active sulfided 
molybdenum phase. Hydropyrolysis was performed in a temperature-programmed 
open-system reactor described in detail elsewhere (Love et al., 1995). In this 
investigation, catalyst-loaded samples (50 to 200mg ofkerogen per run) were initially 
heated in a stainless steel (316 grade) reactor tube from ambient temperature to 220°C 
at 300°C/min and then to 325 ± 5°C at 8°C/min under a hydrogen pressure of 
15.0MPa and a flow rate of 6dm3/min (measured at ambient temperature and 
pressure). This low-temperature desorption step was incorporated to drive off residual 
bitumen and volatile contaminations. The temperature was then increased to 520°C at 
8°C/min with the same hydrogen pressure and flow rate. Under these conditions the 
residence times of generated volat1!e c.ompounds in the reactor is in the order of 
seconds. The products were collected in a trap cooled with dry-ice and recovered in 
DCM/methanol (4:1 v/v). The solvent was reduced and activated copper turnings 
were added to remove all traces of elemental sulfur formed as a disproportionation 
product of the catalyst. 
To obtain low levels of background contamination, the reactor tube and trap were 
rinsed with DCM and annealed at 400°C for 2 hours. Any residual contaminants in 
the reassembled reactor were thermally desorbed by two hydropyrolysis heating 
cycles (520°C, 300°C/min). The products of the second control cycle were trapped, 
analyzed and compared to the actual pyrolysates to obtain quantitative mformation 
about background levels. 
Product analyses 
Aliphatic and aromatic hydropyrolysis products were analyzed by GC-MS in full 
scan and SIR mode as described in Appendix II, and sterane and hopane biomarkers 
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by GC-MS (MRM). Total extract- and pyrolysis-yields were determined by GC-FID 
on a Hewlett Packard 6890 GC system and individual compounds were quantified by 
GC-MS (SIR) using dwpara-terphenyl (D14), 3-methylheneicosane (aC22) and 
<4-aaa-ethylcholestane (D4) as internal standards (Appendix II). 
6.3. Results . 
..... 
Hydropyrolysis experiments were performed on two kerogens from the ~ 1.45Ga 
Velkerri Formation, Roper Group, McArthur Basin, Northern Territory, on three 
kerogens from the ~2.5Ga Mt McRae Shale, Hamersley Group and one sample from 
the ~2.7Ga Fortescue Group. Bulk kerogen data and an assessment of bitumen 
thermal maturity are summarized in Table 6-1. 
Table 6-1. Bulk characteristics and maturity data. 
Sample Group Well Depth [m) TOC[%) T,.., [OC) HI Bitumen maturity• 
Manl Roperb McManuslc 1150.00-1151.10 l.6 444 90 )ate stage oil generation 
Man2 Roperb McManusl 0 1542.95-1543.00 6.3 468 47 late stage oil generation 
Beet Hamersley G906 418.90-419.20 7.8 d -o wet-gas zone n.m. 
Rael Hamersley Gll 85-81 324.87-325.05 5.8 n.m. d -o wet-gas zone 
Rae2 Hamersley 826-7 140.'75-!41.05 6.0 d n.m. -o wet-gas zone 
Royll Fortescue WRL-1 695.75-695.80 11.4 n.m. d -o wet-gas zone 
a) Based on Summons et a/. (I 994) for samples from the Roper Group and on Chapter 3 for Archean 
samples. Terminology according to Fig. 1-3. b) Velkerri Formation, Roper Group, McArthur Basin, 
Northern Territory. c) Location described in Summons eta!. (1994}. d) Not measurable. 
6.3.1. Hydropyrolysis experiments on kerogens from the ~1.45Ga Roper Group 
Bulk characteristics and bitumen composition 
The kerogens isolated from the two mudrocks of the Roper Group (samples Manl 
and Man 2) have a dark brown color c'onsistent with Rock Eval data and aromatic 
maturity parameters that indicate a thermal maturity in the late stages of oil 
generation (Table 6-1) (Summons et al., 1994). The saturated fraction of the 
bitumens is dominated by an unresolved complex mixture (UCM) (Fig. 6-IA). 
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Figure 6-1. GC-MS full scans of bitumen, thermal extract and hydropyrolysate of sample Man! from 
the Mesoproterozoic Roper Group, McArthur Basin. (A) Bitumen. (B) Products of thermal desorption 
under a continuous hydrogen stream in the hydropyrolysis reactor at temperatures of up to 325°C. 
(C) Hydropyrolysate. '-' Indicates the internal standard. CompoWld abbreviations are summarized in 
Appendix IV. 
n-Alkanes are present in the range n-C 13 to n-C28 with an Wlimodal distribution and a 
maximum at n-C16- Methylalkanes and cyclohexylalkanes are relatively abundant 
while acyclic isoprenoids were below detection limit. Also detected were sterane and 
hopane biomarkers~ but signal to noise ratios were too low for a reliable 
interpretation. The bitumens of the Roper Group have high concentrations of 
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saturated versus aromatic hydrocarbons (Sat/Aro "" 4) and the aromatic fraction 
contains predominantly alkylated aromatic hydrocarbons with two and three rings. 
Hydro pyrolysis 
The hydropyrolysis experiments on both Roper Group samples yielded similar 
results and only Manl will be discusse4.;..:Residual bitumen in the kerogen was 
thermally desorbed in a hydrogen stream at 325°C in the pyrolysis reactor. This 
thermal extract has a composition similar to the bitumen with a predominant UCM 
but relatively lower concentrations of n-alkanes (Fig. 6-1 B). The temperature-
programmed hydropyrolysis experiment at 325 to 520°C generated mainly aromatic 
hydrocarbons with molecular masses up to 300 dalton (Fig. 6-1 C). 
Product yields and ratios of aromatic hydrocarbons are summarized in Table 6-2. 
Although the overall yield of pyrolysate with 5.7mg per gram of kerogen is ~20 
times lower than ofbitumen (116mg per gram of kerogen), absolute pyrolysis yields 
of individual aromatic compounds were higher. For instance, phenanthrene has a 
concentration of only 4.5 ppm (1 ppm = lJ.Lg per gram of kerogen) in the bitumen 
compared to 43 ppm in the pyrolysate (Table 6-2). Moreover, higher PAH with four 
or more aromatic rings such as. benzo[a]pyrene and benzo[ghi]perylene were 
quantitatively important pyrolysis products but below detection limit in the bitumen. 
In contrast, n-alkanes that are abundant in the bitumen occur only in very low 
relative concentrations in the pyrolysate (Table 6-2). 
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Table 6-2. Solvent extract yields, hydropyrolysis yields and aromatic hydrocarbon ratios. 
Sat• Aro" Saturated hydrocarbons [ppm] Aromatic hydrocarbons [ppm)' 1 Ph en/ MP/ Pyr/ I 
I 
Sample mg/g mg/g nCJ6 nC18 nC20 nC22 BiPh McBP Fl MeFJ Ph en MP1 DMPd FIAnth Pyr MePyrd i MP' DMP' MePyr• 
Bitume11 
Man I 91 25 200 160 100 58 - - 4.4 4.5 41 86 - - - 0.11 0.48 
Beel 1.6 0.21 8.4 4.5 1.8 0.69 IS 2.6 2.5 0.53 4.6 0.58 0.25 0.18 0.13 
-
8.0 2.3 
Rael 7.5 0.47 19 12 2.3 0.49 20 3.1 2.4 0.4 8.1 0.76 0.43 0.17 0.13 II 1.9 
Rac2 17 0.27 49 15 4.4 2.1 4.7 10 - - 0.16 0.33 0.34 - - - 0.49 0.97 
Royll 0. 13 0.03 1.0 1.0 0.45 0.14 1.9 4.4 - - 0.21 0.82 - - - - 0.26 
Tllermal extracts (S 325 't:) <· 
Man I 2.3 2.7 2.7 1.5 1.1 - O.o3 0.34 0.59 2.8 4.7 - 0.21 0.59 
Rael . 
- -
. 0.09 0.04 0.01 0.26 0.60 0.18 0. 11 0.02 0.03 3.3 1.6 
Hydropyrolysis prod11cts (325-520 't:) 
~~ 
' 
Man I 5.7 5.7 6.0 4.5 3.2 1.2 5.8 6.7 20 43 63 52 5.1 27 58 0.68 1.2 0.47 
Man2 0.5 5.9 5.5 3.8 3.1 - . . 13 50 56 0.98 3.4 20.5 0.26 0.89 0.1 7 
Bee I 0.2 . -
-
1.6 1.4 6.0 8.7 43 12 3.2 4.7 21 5.5 3.6 3.8 3.8 
Rae1 0.2 . . . 0.79 0.59 0.66 1.3 31 5.4 0.72 1.2 24 0.47 5.7 7.5 51 
Rae2 0.02 - . - . 0.04 0.12 0.04 0.20 0.93 0.36 0,07 0.03 0.26 0.01 2.6 5.1 26 
Roy II 0.00 
a) Concentration of total aromatic and saturated hydrocarbon fractions (mg per gram of kerogen) determined by GC-FID using aC22 and 0 14 as internal standards (see 
Appendix II). Single values refer to unfractionated total pyrolysates. b) Concentrations of individual saturated hydrocarbons (!.tg per gram of kerogen) determined by GC-FID 
using aC22 as internal standard. c) Concentrations of individual aromatic hydrocarbons (flg per gram of kerogen) determined by corrected GC-MS signal areas of the 
molecular ion in the SIR or full scan mode using D14 as internal standard. Compound abbreviations are defined in Appendix IV. d) Sum of all isomers. e) Calculated using the 
absolute concentration of all isomers. '-'=Not measurable; • • = not measured . 
...... 
0'1 
~ 
Deuteropyrolysis 
To test whether traces of n-alkanes in the hydropyrolysate are desorbed residual 
bitumen or degradation products of the kerogen, the pyrolysis experiment on Man] 
was repeated using a high-pressure deuterium atmosphere. Figure 6-2 shows the total 
alkane and alkene profile (m/z = 83+85) and Figure 6-3 the extent of deuterium 
incorporation into n-CI4· 
.. 
...... 
The relative intensities of the molecular ions in figure 6-3 indicate that the extent of 
deuterium incorporation into n-alkanes was of the order: dl > d2 > dO> d3 > d4 > 
d5 > d6 > d7. The modal incorporation of one deuterium atom in n-al.kane products 
suggests that n-hydrocarbon chains were indeed covalently bound to the kerogen and 
predominantly attached with one carbon atom (G. Love, unpublished results). The 
presence of five or more deuterium atoms in n-alkanes indicates that some random 
DIH exchange must have occurred, probably at the highest temperatures in the 
programmed pyrolysis cycle. However, the extent of random D/H exchange during 
deuteropyrolysis at >500°C is still appreciably lower than in conventional closed 
system pyrolysis in the presence of heavy water (Stalker et a/., 1998). Also detected 
in the deuteropyrolysate were monounsaturated n-alkenes (Fig. 6-2). Alkenes were 
not detected in experiments where H2 gas was the reaction medium, probably 
because the D2 reacts more slowl:Y'with unsaturated hydrocarbons or alkyl radicals 
that form by pyrolytic bond cleavage. The presence of alkenes in the pyrolysate 
confirms that these structures were covalently attached to the kerogen matrix. 
6.3.2. Hydropyrolysis experiments on kerogens from the ~2.5Ga Hamersley 
Group 
Bulk characteristics and bitumen composition 
Three black shales (Rae], Rae2 and Reel) with high kerogen contents from the Mt 
McRae Shale, Hamersley Group, were chosen for the hydropyrolysis experiments. 
The samples were collected from diamond drillcores from different locations in the 
iron ore deposit ofMt Tom Price. The regional metamorphic grade of the Hamersley 
. Group near Tom Price is probably upper prehnite-pumpellyite facies (Chapter 2). 
However, the local metamorphic pattern is complicated by volcanic intrusions and 
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Figure 6-2. GC-MS reconstructed ion chromatogram m/z = 83+85 of the deuteropyrolysis products of 
sample Man], Roper Group, McArthur Basin. Compounds are identified by carbon number. 
possibly by hydrothermal activity. Samples from different locations near Tom Price 
might therefore have suffered widely different peak metamorphic temperatures. 
Consistent with their complex metamorphic history, kerogens from the Mt McRae 
Shale have generally very low hydfogen contents (H/C .,. 0.1; Hayes eta!., 1983). 
A detailed description of the rock extracts is given in Chapter 3. Biomarker and 
aromatic maturity parameters and condensate-like n-alkane profiles (Fig. 6-4) 
indicate thermal maturities in the wet-gas zone. The composition of the aromatic 
fraction of the bitumens extracted from samples Rael and Bee} is unusual 
(Fig. 6-5A, Table 6-2). The un~ubstituted aromatic hydrocarbons naphthalene, 
biphenyl, fluorene and phenanthrene are abundant while alkylated homologues occur 
only in very low relative concentrations, a pattern consistent with pyrolytically 
altered bitumen (George, 1992). In contrast, in McRae Shale sample Ra~2 alkylated 
PAH are more abundant than the parent compounds (Table 6-2). Notably, although 
phenanthrene is very abundant in Rael. and Bee}, 4-ring aromatic hydrocarbons like 
pyrene and fluoranthene occur only in traces and higher PAH appear to be absent. 
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Figure 6-3. GC-MS selected ion chromatograms of the molecular ion of mono- to heptadeuterated 
tetr!ldecane generated by deuteropyrolysis 6f sample Manl, Roper Group, McArthur Basin. 
Hydro pyrolysis 
Figure 6-6 shows chromatograms of the procedural blank, the thermal desorption 
products and the hydropyrolysate of McRae Shale sample Rae]. The chromatograms 
are scaled and signal heights are approximately proportional to pyrolysis yields. 
Thermal desorption of residual· volatiles in the pre-extracted kerogen at 325°C 
yielded mainly elemental sulfur, fluorene, phenanthrene, traces of phthalates and 
predominantly even-numbered n-alkanes from C16 to C2o (Fig. 6-6B). Fluorene and 
phenanthrene probably represent resid~l bitumen that was trapped in the kerogen. 
All other components are obviously recent contaminations that were also detected in 
the procedural blank, albeit in lower concentrations (Fig. 6-6A). In the actual 
pyrolysate (Fig. 6-6C) these contaminations were below detection lin1it, indicating 
that the thermal desorption step was efficient. 
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Figure 6-4. GC-MS full scan of the extracted bitumen of sample Rael, Mt McRae Shale, Hamersley 
Group. 
The composition of the hydropyrolysates of all three Mt McRae Shale samples, in 
comparison with the bitumen extracted from the same samples, has the following 
characteristics: 
(1) Although alkanes are abundant in the bitumens (Fig. 6-4), saturated hydrocarbons 
were be·low detection limit in the pyrolysates in the monitored C12+ range 
(Fig. 6-5). 
(2) The absolute yields of individual aromatic hydrocarbons in the pyrolysates is 
much higher than the yields in the bitumens (Table 6-2). For instance, solvent 
extraction of Beel yielded only 4.6 ppm phenanthrene while pyrolysis yielded 
43 ppm. 
(3) In the pyrolysates and the bitumens.the ratios of parent PAH to alkylated PAR 
are very high (Fig. 6-5). This is in contrast to the pyrolysates of the Roper Group 
where alkylated PAH are most abundant (Table 6-2). 
(4) The concentration of 5-ring and higher PAH in the pyrolysates was close to the 
detection limit (Fig. 6-5), in contrast t!) the Roper Group where high molecular 
weight PAH are abundant (Fig. 6-IC). 
(5) In all Mt McRae Shale samples, pyrene is, along with phenanthrene, by far the 
most abundant pyrolysis product. This observation is in strong contrast to the 
bitumens, where pyrene concentrations are negligible (Fig. 6-5). 
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Figure 6-5. GC-MS full scans of(A) the aromatic fraction ofthe bitumen of Rae/ , Mt McRae Shale, 
Harnersley Group, (B) hydropyrolysis products of Rae] and (C) of Bee/, Mt McRae Shale, Hamersley 
Group. '-'Indicates the internal standard. 
(6) The absolute pyrolysis yield of Rae2 is one order of magnitude lower than those 
of the other Mt McRae Shale samples Rae] andBeel (Table 6-2). 
(7) The molecular composition of the pyrolysate of Rae2 is almost identical to the 
other two Mt McRae Shale samples Rae] and Beel. (Table 6-2). This is 
remarkable, as the aromatic hydrocarbon distribution in the bitumen of Rae2 is 
fundamentally different from the bitumen in the two other samples. 
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(8) The pyrolysis yields were sufficient to determine carbon isotopic compositions of 
some individual compounds (Table 6-3). o13C of individual aromatic 
hydrocarbons in the bitumens and in the pyrolysates (-29%o to -33o/oo vs PDB) are 
identical within the analytical error and match the isotopic composition of the 
kerogens (-32.2 %o to -33.5%o) 
-...... 
Table 6-3. Carbon isotopic composition (o13C in %o vs PDB) of kerogen and individual aromatic 
hydrocarbons in the bitumens and hydropyrolysates of samples from the Mt McRae Shale, Hamersley 
Group. 
Sample Kerogen n-alkanes BiPh Fl Ph en MePhen Pyr 
Royll -41.5 ±0.1 Bitumen -27.4 to -29.04 _b 
Pyrolysate 
Rael -32.2 ±0.1 Bitumen -26.6 to -27.5 -3-f - -35 
Pyrolysate 
-
-29 -31.5 -30 -31.5 
Beet -33.5 ± 0.1 Bitumen -27.0 to -29.0 -33 -29 -32 
Pyrolysate 
-
-29 -32.6 -31 -32.6 
a) ±0.4o/oo. b) '-'=Not measurable. c) Statistical error for aromatic hydrocarbons"" ±l%o. o13C values 
in italics are possibly affected by coeluting signals or insufficient baseline separation, and have an 
unknown error. 
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Figure 6-6. Scaled GC-MS full scans of pyrolysis experiments on Rae], Mt McRae Shale, Hamersley 
Group. (A) Procedural blank. (B) Volatiles desorbed from the kerogen in a continuous hydrogen 
stream in the hydropyrolysis reactor (325°C). (C) Hydropyrolysis products (325 to 520°C). In (C) the 
major pyrolysis products phenanthrene and pyrene are truncated (-); a full-scale chromatogram is 
given in Fig. 6-SB. 'S8 ' is elemental sulfur and 'Std' the internal standard. Anth = anthracene; other 
compound abbreviations are summarized in Appendix IV. 
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6.3.3. Hydropyrolysis experiments on kerogens from the -2.7 Ga Fortescue 
Group 
Bulk characteristics and bitumen composition 
Sample Royll from diamond drillcore WRL-1, Jeerinah Formation, Fortescue 
Group, contains 11% black graphitic kerogen. The estimated regional metamorphic 
.. 
grade of the Jeerinah Formation at the colie~tion site is lower prehnite-pumpellyite 
facies (Fig. 2-1). Royll has therefore potentially experienced a milder thermal 
history than samples from the Mt McRae Shale at Tom Price. However, the hydrogen 
content of kerogens from drillcore WRL-1 is low (H/C "" 0.1 to 0.3; R. Buick, 
unpublished data), indicating comparable metamorphism to Tom Price. Furthermore, 
the saturated hydrocarbon fraction of the bitumen in Royll is almost identical to 
samples from the Hamersley Group (Chapter 3). It has, for example, the same 
characteristic condensate-like n-alkane distribution and similar biomarker parameters 
(Table 3-2). The aromatic fraction, with low relative concentrations of parent 
aromatic hydrocarbons, is similar to Mt McRae Shale sample Rae2. 
Hydropyrolysis 
Although regional models of metamorphism suggest that the thermal stress 
experienced by Fortescue Group sample Royll might have been lower than for the 
samples of the Hamersley Group, hydropyrolysis experiments failed to detect 
saturated or aromatic hydrocarbons in the analyzed mass range C12+. 
6.4. Discussion 
Arguments for syngeneity of late Archean bitumens 
The rigorous analytical protocol of the hydropyrolysis experiments, including 
procedural blanks and thermal extraction of residual volatiles adsorbed to kerogen, 
ensures that the pyrolysates are genuine cleavage products and not younger 
contamination. Thus, the aromatic hydrocarbons generated from the late Archean 
. 
shales of the Hamersley Group are demonstrably syngenetic. A comparison of the 
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pyrolysates with the bitumens provides evidence that the solvent extractable aromatic 
compounds in the Mt McRae Shale are certainly also syngenetic. The composition of 
the pyrolysis products of the kerogens are very similar to the aromatic fraction of the 
bitumens with respect to very high concentrations of unsubstituted P AH relative to 
alkylated homologues and the apparent absence of five-ring and higher aromatic 
compounds (Fig. 6-5). Moreover, the carbon isotopic composition of individual 
aromatic hydrocarbons in the pyrolysates a.pd in the bitumens are identical within 
analytical error and match 813C of the kerogens (Table 6-3). This compositional and 
isotopic correlation strongly suggests a syngenetic relationship between kerogen, 
pyrolysate and the aromatic fraction of the bitumen. It is the first. incontrovertible 
evidence for bitumen older than 1.7Ga (cf. Jackson eta/., 1986). 
A possible hydrothermal influence on bitumen and kerogen composition 
In Chapter 5 the composition of bitumens from Mt Tom Price was interpreted as the 
result of the interaction of organic matter with hydrothermal fluids and/or oxidizing 
brines overprinted by regional low-grade metamorphism. The results of the 
hydropyrolysis experiments provide further evidence in support of this model. The 
marked differences in pyrolysis yields of individual compounds between shales 
,.::. 
collected at Tom Price clearly indicate that different locations in the mine have 
suffered different temperatures and/or redox conditions (Table 6-2). Moreover, the 
complex temperature regime in hydrothermal systems can result in bitumen 
dissolution in hot areas and bitumen precipitation in cooler locations (Kawka & 
Simoneit, 1990; Wing & Bada, 1991 ). Such redistribution was possibly responsible 
for the compositional differences between the bitumens and pyrolysis products. The 
bitumens, for example, contain high concentrations of phenanthrene but only traces 
of pyrene, while pyrolysates yield high amounts of phenanthrene as well as pyrene 
(Fig. 6-5). The pyrolytic precursors of pyrene covalently bound to the kerogen were 
probably protected against hydrothermal dissolution while free aromatic components 
in the bitumen were possibly subjected to redistribution within the hydrothermal 
system (Blumer, 1975; Wing & Bada, 1991). 
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The lack of aliphatic hydrocarbons in the Archean pyrolysates 
Most bitumens extracted from late Archean shales of the Hamersley and Fortescue 
Groups contain a high proportion of saturated hydrocarbons while hydropyrolysis in 
the monitored C 12+ range exclusively yielded aromatic compounds. The compo-
sitional disparity between bitumens and pyrolysates might be interpreted as the 
results of younger contamination that introduced aliphatic hydrocarbons into the 
·' 
Archean rocks. 
...... 
However, similar differences between kerogen degradation products and extractable 
hydrocarbons have also been observed for many other Precambrian kerogen/bitumen 
pairs and could principally be a function of the original kerogen composition, and 
thus of biological source input. For instance, hydropyrolysis of the moderately 
mature kerogens from the Mesoproterozoic Roper Group yielded significant amounts 
of polyaromatic hydrocarbons while the concentrations of aliphatic components were 
comparatively low (Fig. 6-1; Table 6-2). In the Roper Group bitumens, on the other 
hand, saturated hydrocarbons were more abundant than aromatics. 
Similar observations were made for the 1.1 Ga Nonesuch Shale, Michigan, USA, 
which contains immature kerogen and a high concentration of strongly aliphatic 
bitumen (Pratt eta/., 1991). However, pyrolysis ofthe well-preserved kerogens only 
._. 
yielded minute quantities of n-alkanes (Hoering & Navale, 1987) but large amounts 
of aromatic or phenolic products (Imbus et al., 1988). Additional examples of well 
preserved macromolecular matter of Precambrian age that yielded no or only low 
quantities of aliphatic hydrocarbons upon pyrolysis have also been observed by 
Arcuri eta/. (2000), Hoering & Navale (1987), Leventhal eta/. (1975) and McKirdy 
(1976). In all these cases it is clear that the aromaticity of the macromolecular matrix 
is not a function of thermal maturity alone. The second crucial parameter that 
determines the pyrolytic behavior of kerogen is the composition of organic matter in 
the biological source. Pyrolysis of Type-I kerogen, according to the classic scheme 
of Tissot et a!. (1974), produces high yields of aliphatic hydrocarbons from a 
biological source that is usually describ~d as prokaryotic or algal. Oxygen-rich Type-
III kerogens, in post-Silurian sediments commonly derived from terrestrial plants, 
have much lower pyrolysis yields and tend to be aromatic. Although Precambrian 
organic matter has an almost exclusively microbial source, many Proterozoic 
kerogens, according to the observations above, appear to be more closely related to 
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modern Type-III kerogens than to the aliphatic-rich Type I. Therefore, many 
Precambrian source organisms might have produced predominantly biodegradation-
resistant nitrogen, sulfur and oxygen-rich (NSO) biopolymers, such as the cell wall 
material of some Neoproterozoic acritarchs (Arouri et a/., 2000). Moreover, 
polymethylenic hydrocarbons such as algaenans, responsible for a large proportion of 
the aliphatic material in Phanerozoic kerogens (de Leeuw & Largeau, 1993 ), were 
possibly less important in the Precambrian--of evolved later in Earth history. 
Hence, many Neoproterozoic and Mesoproterozoic sedimentary rocks with a mild 
thermal history contain kerogen that is predominantly aromatic, together with 
bitumen rich in saturated hydrocarbons. The main control for this phenomenon is 
probably the composition of organic matter in the biological source. The same might 
be true for Archean kerogens. The late Archean shales from Mt Tom Price also 
contain aliphatic bitumens but the pyrolysates· are aromatic. The co-existence of 
saturated hydrocarbons and graphitic kerogens is therefore not necessarily a result of 
contamination but possibly the fmgerprint of an NSO-rich and aliphatic-poor 
protokerogen. 
6.5. Conclusions 
Hydropyrolysis is a continuous flow technique that degrades organic matter in a 
high-pressure hydrogen atmosphere with assistance from a molybdenum catalyst. In 
this work, hydropyrolysis was employed for the first time to analyze 
Mesoproterozoic and late Archean kerogens. The following conclusions can be 
drawn. 
(1) Hydropyrolysis is a particularly powerful technique for trace analysis of 
overmature kerogens. It is characterized by high yields and allows cle~ kerogens 
to be obtained by thermal desorption of residual bitumen. 
(2) Pyrolysis of 2.5Ga meta-kerogens from the Mt McRae Shale, Hamersley Group, 
yielded up to 200ppm aromatic hydrocarbons. This is a comparatively high yield 
considering that demonstrably indigenous pyrolysis products have never been 
obtained before from samples older than 1. 7Ga. 
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(3) The late Archean pyrolysates and the aromatic fraction of the bitumens have very 
similar molecular compositions. Moreover, the carbon isotopic signature of 
kerogens, pyrolysates and bitumens is almost identical. This correlation indicates 
that not only the pyrolysis products but also aromatic hydrocarbons in the 
bitumens are syngenetic. 
( 4) The high concentrations of dealkylated aromatic hydrocarbons in the late 
. 
Archean pyrolysates from Mt Tom ·t>rice, the differences in pyrolysis yields 
between closely spaced samples and the compositional differences between 
bitumen and kerogen are consistent with hydrothermal alteratio~ of kerogen and 
hydrothermal redistribution ofbitumen. 
(5) Hydropyrolysis of Archean kerogens exclusively yielded aromatic hydrocarbons 
despite the fact that the bitumens are strongly aliphatic. Similarly, kerogens of 
the Mesoproterozoic Roper Group, along with many other thermally well 
preserved Precambrian kerogens, yielded predominantly aromatic pyrolysis 
products although the co-occurring bitumens are rich in saturated hydrocarbons. 
As this phenomenon occurs in kerogens of high and low thermal maturity, the 
main control appears to be the composition of the proto kerogen. 
(6) Hydropyrolysis experiments ~n Mesoproterozoic kerogens of the Roper Group 
and a review of literature data reveal that many Precambrian kerogens are highly 
aromatic even if they are thermally not overmature (Chapter 5). Pyrolysis of 
these kerogens yielded predominantly aromatic products even though the co-
occurring bitumens are frequently predominantly aliphatic. Therefore, it seems 
likely that the high aromaticity of the kerogen is a function of biological input of 
NSO-rich but lipid-poor protokerogen. The co-existence of saturated 
hydrocarbons and graphitic kerogens in the Archean samples is therefore not 
necessarily the result of contamination but might indicate the prevalence of 
aliphatic-poor macromolecular matter in Archean source organisms. · 
While it was not possible to obtain information about the syngeneity of biomarkers 
and other saturated hydrocarbons in late Archean rocks, the most significant outcome 
of the hydropyrolysis experiments clearly is the confirmation of syngeneity of the 
aromatic fraction. 
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6.6. Directions for continuing research 
The hydropyrolysis experiments have confirmed that aromatic hydrocarbons in rock 
extracts from late Archean shales of the Hamersley Province are syngenetic with 
their host rocks and therefore 2.5 billion years old. Aliphatic hydrocarbons and 
biomarkers, however, were not detected in the pyrolysates and their indigenous 
nature in the rock extracts remains ambigu~us. In particular, the significant carbon 
isotopic difference between kerogen and alkanes in late Archean sedimentary rocks 
(~o13C = 2 to 2l~Yoo; Chapter 3) could be interpreted as an indicator for contamination 
and still requires an explanation. As hydropyrolysis experiments in this study were 
limited to c12+ hydrocarbons, an extension to gaseous pyrolysis products could yield 
aliphatic hydrocarbons in concentrations high enough to measure carbon isotopic 
compositions. An isotopic match between alkanes in the pyrolysates and alkanes in 
the rock extracts would provide strong support for their syngeneity. 
The Mt McRae Shale from Mt Tom Price has a regional metamorphic grade of upper 
prehnite-pumpellyite facies and probably has suffered additional alteration by 
hydrothermal· activity and/or oxidation. Despite its severe thermal history, the Mt 
McRae Shale contains low-molecular weight aromatic hydrocarbons covalently 
bound to the kerogen. It should oe possible to discover more intricate chemical 
structures and possibly traces of C12+ saturated hydrocarbons in hydropyrolysates of 
kerogens collected from less metamorphosed terrains. 
The low yields of n-alkanes in pyrolysates of a suite of thermally well-preserved 
Proterozoic kerogens suggests that the biological input of polymethylenic 
hydrocarbons into sediments was less important in the Precambrian than in the 
Phanerozoic. Therefore, a systematic study of well-preserved kerogens through the 
Proterozoic could yield information about when and in which environments 
degradation-resistant aliphatic biopolymers first evolved. A consequence of this 
research would be more reliable information about when algae became quantitatively 
important primary producers in the oce~. 
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"These arguments are flaky and simplistic. 
Weathering is a sloppy process. Things leach in, then leach out. 
They do not do the obvious." 
Derek Sears about the claim by McKay et al. that higher concentrations of polyaromatic hydrocarbons 
inside Marsian meteorite ALH84001 in comparison to the surface, is an indication for syngeneity. 
Quoted in Piers Bizony (1998) 'The exploration of Mars', Aurum Press Ltd, London, p. 120. 
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7. Millimeter scale concentration gradients of hydrocarbons 
in Archean shales and their implications for the 
interpretation of biomarkers 
..... 
Abstract - Well-preserved late Archean kerogen-rich shales 
from the Pilbara region, Western Australia, contain over-
mature bitumen with typical Precambrian characteristics. To 
obtain information about the spatial distribution of the 
molecules in their host rocks, samples were cut into 
millimeter thick slices, and the hydrocarbon content of each 
slice was analyzed by gas chromatography-mass spectrometry 
(GC-MS). In the drillcore samples, saturated and aromatic 
hydrocarbons of low molecular weight have gradually 
increasing concentrations from the surfaces to the center of 
the rock while the abundance of higher molecular weight 
hydrocarbons decreases with the distance from the outer 
surfaces. 
Two mechanisms are proposed that may have caused the 
inhomogeneous distribution of molecules in the late Archean 
samples: diffusion of petroleum-based contaminants into the 
rock ('contamination model') and leaching of indigenous 
hydrocarbons out of their host shales driven by pressure 
release after drilling ('condensate-escape model'). To test 
these models, the hydrocarbon distribution in the Archean 
shales is compared to artificially contaminated rocks, and with. 
younger mudstones where leaching of 'live-oil' was observed 
after drilling. Although the condensate-escape model is 
consistent with some of the observed patterns in the Archean 
shales, other characteristics remain difficult to explain. The 
contamination model is generally consistent with the 
inhomogeneous distribution of hydrocarbons in the Archean 
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samples, but it fails to explain the presence of gas-condensate-
like bitumens with typical Precambrian compositions in eight 
independently collected and stored drillcores. 
Also discussed in the light of hydrocarbon redistribution are 
variations ofbiomarker ratios between samples from Archean 
drillcore WRL-1 that were collected at different depths. It is 
proposed that the biomarker .... ratios were influenced by 
chromatographic effects and that the variation in ratios is not 
primarily a signature of biological source input, as had b~en 
suggested before. 
7 .1. Introduction 
Organic geochemical analysis of late Archean mildly metamorphosed shales from 
the Fortescue and Hamersley Groups, Pilbara Craton, Australia, has yielded traces of 
bituminous hydrocarbons. Polyaromatic hydrocarbons (P AH) extracted from samples 
collected at Mt Tom Price are clearly syngenetic with the Archean host rocks based 
on their unusual pyrolytic composition (Chapter 5) and their similarity to products of 
hydropyrolytic degradation of the host kerogen (Chapter 6). Aliphatic hydrocarbons 
and polycyclic biomarkers were also detected in the Archean sediments. These 
molecules occur in numerous independently collected and stored samples from 
several cores drilled several hundred kilometers apart. The bitumens have thermal 
maturities in the wet-gas zone and compositions like those found in many other 
Precambrian samples. Based on this circumstantial evidence, the aliphatic 
hydrocarbons and biomarkers are characterized as probably syngenetic ,with their 
Archean host rocks (Chapter 3). However, using total rock extracts, it is difficult to 
prove that the Archean samples were not tainted by unusual petroleum products 
during drilling or storage. 
Additional evidence about syngeneity can potentially be obtained by analyzing the 
spatial distributions of molecules within host rocks. In the simplest case, 
contaminants should be entirely surficial, while syngenetic hydrocarbons should be 
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homogeneously distributed in the rock. However, liquid contaminants might diffuse 
into cracks, fissures and pore space, or might be absorbed and adsorbed by the 
kerogen matrix. Moreover, molecules on rock surfaces are prone to evaporation and 
biodegradation, and so might disappear, obliterating information about surficial 
contamination. Similarly, an indigenous oil or wet-gas is not necessarily 
homogeneously distributed in its host rock. Hydrocarbons might be driven to rock 
surfaces by pressure release when the coFe is recovered from great depths after 
drilling. Surficial indigenous bitumen might evaporate or partly redistribute itself 
back into fissures and cracks of the rock. 
In this chapter, a new approach is presented to determine the distribution of bitumen 
in Archean shales. Drillcore samples are cut into millimeter thick slices, and the 
quantity of individual hydrocarbons in each slice is plotted against the distance from 
rock surfaces. The detected hydrocarbon distribution patterns are then compared to 
artificially contaminated shales and to younger drillcore samples where leaching of 
indigenous oil was observed. 
7.2. ·Experimental 
Slice-extraction experiments 
To analyze millimeter-scale concentration gradients of hydrocarbons between the 
center of a rock sample and its outer surface, -1.5 to 3cm cuboids of shale were cut 
from diamond drillcores, including the outer rounded surface. The chosen samples 
had no visible cracks or fissures and were not cleaned or treated with solvents prior 
to analysis. The cubes were then cut into lmm slices with an ultra clean precision 
saw (Buehler Isomet 1 000; blade thickness 340pm or 460pm) parallel to the outer 
rounded surface and perpendicular to the bedding direction. The cutting Ratterns are 
illustrated in Figures 7-1 and 7-3. Between each cut, the sawing water was changed 
and the blade rinsed with solvent. The 300 to 600mg rock slices were cleaned in 
. 
distilled water by 10 seconds of ultrasonication, dried at room temperature, ground to 
powder in a puck-mill and extracted three times with dichloromethane (IOmin 
ultrasonication). An internal standard (aC22) was added before extraction. The 
extracts were analyzed and quantified by GC-FID and GC-MS (Appendix II). 
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Contamination simulation experiments 
Cuboids of a compact Archean shale (0.4% TOC; 30mm x 17mm x 20mm; sample 
98025/JB in Table 2-4) with negligible bitumen content and without discernible 
fissures were submerged O.Smm deep into crude oil (AGSO #89) perpendicular to 
the bedding direction in a closed glass vessel. The shales were removed from the oil 
..... 
bath after 3 hours (experiment 1) and 139 hours (experiment 2), dried at room 
temperature for 3 hours and cleaned with hot water and detergent. To remove any oil 
that had entered the shale from surfaces other than the side that was submerged, and 
to avoid any cross-contamination during slice cutting, the edges were trimmed twice 
with a precision saw (two 2mm slices from surfaces parallel to the bedding plane; 
two 3.5mm slices from surfaces perpendicular to the bedding plane). The cutting 
water was changed after each cut and the blade cleaned with solvent. The trimmed 
·shale was then sliced into 1mm wafers parallel to the contaminated surface 
perpendicular to the bedding direction. The samples were extracted and analyzed as 
described above. Extract yields of experiment 1 (3 hours incubation time) were: slice 
a (corresponding to a migration depth of Omm to l.Omm) ---4-00~g oil per gram of 
shale; slice b (1.3 to 2.3mm) ~150~g/g; slice c and d (>2.6mm) O~g/g. Extract yields 
-
of experiment 2 (139 hours incubation time) were: slice a (0 to l.Omm) ~30~g/g; 
slice b (1 .3 to 2.3rnm) --420~g/g; slice c (2.6 to 3.6mm) ~400~g/g; slice d (3.9 to 
4.9mm) ~30~g/g; slice e (6.5 to 7.5mm) ~370J..lg/g; slice f (9.1 to 10.lmm) 
~290~g/g. 
7.3. Results and Discussion 
7.3.1. Description of hydrocarbon concentration gradients in Archean dri/lcore 
samples 
Concentration pro flies of hydrocarbons were measured in Archean shales from three 
different drillcores (samples Royl4, Da/1 and Beel; Table 7-1) and are illustrated in 
two different ways: firstly, as series of mass-chromatograms showing the distribution 
of aliphatic hydrocarbons with increasing distance from the drillcore surface 
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(Fig. 7-1 and Fig. 7-3) and, secondly, as plots of absolute concentrations of 
individual hydrocarbons against the distance from the outer surface (Fig. 7-2 
and 7-4). As shown in the cartoons of the drillcore sections in Figures 7-1 and 7-3, 
both slice-extraction experiments on Hamersley Group samples Da/1 and Bee] 
included the outer rounded surface of the drillcore and a natural :fracture surface 
running approximately through the middle of the core perpendicular to the bedding 
direction. .. ... 
Table 7-1. Comparison of bulk characteristics and maturity data of late Archean shales and 
Mesoproterozoic samples from the Velkerri Formation, Roper Group. 
Group WeU Depth [m} TOC[%] Extr[ppmt T_. [oC] HI Bitumen maturity!; 
Royl4 Fortescue WRL-1 682.02-682.08 - <20 c ....() wet-gas zone n.m. 
Dall Hamersley DE20n4 350.30-350.65 1.3 80 c n.m. ....() wet-gas zone 
Beel Hamersley G906 418.90-419.20 7.8 140 c ....() wet-gas zone n.m. 
Veil Roper Urapunga3 346.50-346.56 7.2 3,400 441 420 d early oil gen. 
Vel2 Roper Urapunga4 40.53-40.45 2.9 30,000 416 392 early oil gen. d 
a) Solvent extract yields of hydrocarbons in J.Lg per gram of rock. b) Terminology according to 
Fig. 1-3. The maturity data for samples from the Roper Group is based on Cricket a/. (1988), Jackson 
et a/. (1986) and AGSO's database (unpublished results), and for samples of the Fortescue and 
Hamersley Groups on Chapter 3 . c) Not r:teasurable. d) Early stage of oil generation 
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Figure 7-1. Mass-chromatograms m/z = 85 of slice-extraction experiments on shale Dall (1.3% TOC; 
Brockman Iron Formation, Hamersley Group, Tom Price). Signal heights are approximately 
. 
proportional to compound concentrations in the rock. The cartoon of the drillcore sample indicates the 
cutting pattern of the slice-extraction experiments. The bedding planes of the shale are parallel to the 
page. '-'=Internal standard. 
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Figure 7-2. Concentration profiles of n-alkanes with distance from the outer surface of drillcore 
sample Da/1. Slice identification (a to h) refers to Figure 7-1. Slice his limited by a fracture surface. 
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In Da/1, the outer slices contain relatively low concentrations of lighter alkanes but 
abundances rapidly increase towards the center of the rock (Fig. 7~1 and 7~2). The 
opposite distribution is observed for higher n~alkanes where concentrations are 
maximal close to the surfaces and decrease towards the center. The concentrations of 
n~alkanes with medium chain-lengths (n-C16 to n-C18) first increase with distance 
from the outer surfaces and then decrease 'again towards the center of the rock 
(Fig. 7-2). The distribution ofn~alkanes in the second Hamersley Group sample Bee] 
is similar although more extreme (Figs. 7~3 and 7-4). Concentrations drop in steep 
gradients with increasing distance from the surfaces and the center of the shale 
contains only traces of C9+ saturated hydrocarbons. The behavior of acyclic 
isoprenoids pristane and phytane relative to unbranched alkanes is also interesting. In 
both Hamersley Group samples, the ratio pristane/n~C17 increases markedly from the 
surfaces towards the center of the rock (Fig. 7-SA and B). Abundances of sterane and 
hopane biomarkers were too low to obtain reliable profiles. 
Concentration gradients were also measured for aromatic hydrocarbons and are 
illustrated for naphthalenes and phenanthrenes in Figures 7~6. In the more kerogen-
poor sample Da/1, naphthalene has an almost constant concentration throughout the 
rock while the concentrations of inethylnaphthalenes and dimethylnaphthalenes 
increase from the surfaces towards the center (Fig. 7-6A). Phenanthrene, like 
naphthalene, has a very even concentration profile while methylphenanthrenes and 
dimethylphenanthrenes decrease with distance from the surfaces (Fig. 7-6B). The 
profile of alkylnaphthalenes is therefore comparable to the profile of lighter alkanes 
(e.g. n-C12 in Fig. 7-2), whereas the profile of alkylphenanthrenes is comparable to 
heavier alkanes (e.g. n-Ct9 in Fig. 7-2). The distribution of aromatic hydrocarbons in 
the kerogen-rich Hamersley shale Bee] is different. The concentrations of 
naphthalene and alkylnaphthalenes are minimal in the center and increas.e towards 
the surfaces (Fig.7-6C). Phenanthrene and alkylphenanthrenes have elevated 
concentrations in the outer two millimeters of the drillcore but remain otherwise 
relatively constant. Differences in the distributions between unsubstituted aromatic 
hydrocarbons and their methylated and dimethylated homologues are highlighted in 
ratio-plots in Figure 7-7. Ratios ofnaphthalene to methyl- and dimethylnaphthalenes 
in the kerogen-rich sample Bee], and ratios of phenanthrene to methyl~ and 
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Figure 7-5. Change in the ratio pristane/n::heptadecane (Pr/n-C17) with distance from rock surfaces. 
(A) Sample Da/1 (Brockman Iron Formation, Tom Price). (B) Sample Beel (Mt McRae Shale, Tom 
Price). Note that Da/1 and Beel have free surfaces on both sides. Double arrows indicate that the 
direction of hydrocarbon movement is unknown. (C) Contamination simulation experiment. (D) 
Sample Veil (Velkerri Formation, Roper Group). The arrows in (C) and (D) indicate the flow 
direction of hydrocarbons. 
dimethylphenanthrenes in Bee} as well as Da/1 rise one to two orders of magnitude 
with increasing distance from the surfaces (Fig. 7-7B-D). In Da/1 , for example, the 
ratio phenanthrene/methylphenanthrenes increases from the surfaces to "the center 
from ~ 1 to 4, while phenanthrene/dirnethylphenanthrenes increases even more 
markedly from 0.5 to 74. 
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Relative concentrations were calculated using the sum of all isomers. 
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In Roy14 and two other Fortescue Group samples from drillcore WRL-1, 
hydrocarbons were overwhelmingly concentrated in the first few outer millimeters of 
the rock samples. As absolute concentrations were too low to measure millimeter-
scale gradients with distance from surfaces, a different slicing pattern was chosen for 
sample Roy14 (Fig. 7-8). Surprisingly, the hydrocarbon distribution in all four pieces 
of shale cut from this sample was very different. Slice a, including a saw-cut surface, 
has a condensate like n-alkane distribut~on with a composition typical of almost all 
analyzed late Archean samples from various locations (Chapter 3). Slice b, including 
the outer rounded surface of the core, has a bimodal n-alkane distribution and an 
unresolved hump at higher retention times. Slice c, bounded by another saw-cut 
surface, contains insignificant concentrations of aliphatic and aromatic hydrocarbons 
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Figure 7-8. Scaled gas chromatograms of slice-extraction experiments for sample Roy14 from the 
Jeerinah Formation, Fortescue Group, drillcore WRL-1. '-'=Internal standard. 
but higher concentrations of aldehydes and ketones of low molecular weight, 
evidently later additions. Piece d, the center of the quartercore, only contains traces 
of aliphatic hydrocarbons close to the detection limit. Hole WRL-1 was 'drilled in 
1986 and the analyzed pieces of drillcore were, as is common, probably cut into 
halves directly or shortly after drilling. Royl4 was then cut a second time during 
I 
sample collection in 1999. Although it was not possible to reconstruct which cut was 
which, it is likely that slice a is the older surface and slice c the more recent cut 
(Fig. 7-8). However, not all samples of drillcore WRL-1 have the extreme 
hydrocarbon distribution found in Royl4. Two further shales from WRL-1 of similar 
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integrity and composition showed the typical condensate-like alkane composition in 
the center as well as the surface of the rock. Moreover, researchers at Pennsylvania 
State University fonnd hydrocarbon distributions similar to slice a in Figure 7-8 in 
samples of drillcore WRL-1 where all surfaces had been generously trimmed (J. 
Eigenbrode, unpublished results). 
Two opposing models are offered to explain the unusual hydrocarbon patterns. The 
'contamination model' assumes that the.-samples were stained with petroleum 
products that penetrated the rock. The 'condensate-escape model' ascribes the 
concentration gradients to the 'live-oil effect', the frequently observed phenomenon 
where bitumen and gas leaks from freshly drilled source rock and partly evaporates 
from the surfaces. 
7.3.2. The contamination model 
Contamination simulation experiments 
To study the hydrocarbon pattern generated by contaminants that penetrate a rock, 
pieces of a compact Archean shale (0.4% TOC) were brought into contact with crude 
oil in a closed glass vessel. The shale had a negligible indigenous bitumen content 
and the side in contact with the oil was perpendicular to the bedding direction. 
Cracks and fissures were not visible. After three hours, the oil had penetrated 2.6mm 
parallel to the bedding direction and after six days more than lOmm (Fig.7-9). These 
simulation experiments demonstrate that liquid petroleum products can penetrate 
shale within days even if the samples appear to be compact and intact. Moreover, 
they show that contamination might leave chromatographic fingerprints (Fig. 7-9 
to 7-11). As the oil probably entered the shale through invisible microfissures and/or 
along interconnected pore space driven by capillary forces and diffusic;m, the dry 
mineral matrix of the shale represents the chromatographically active stationary 
phase and the contaminating oil the mobile phase. Thus, the chromatographic 
separation during migration of the oil · into the shale is comparable to laboratory 
fractionation of oil or bitumen on silica or alumina columns. 
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Figure 7-11. Concentration and ratio-profiles of naphthalenes (Naph) and. phenanthrenes (Phen) from 
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shale. (A) Relative concentration of naphthalenes and (B) of phenanthrenes. (C) Change of 
naphthalene ratios with penetration depth and (D) change of phenanthrene ratios. Concentrations were 
calculated using the sum of all isomers. 
Six main observations characterize the chromatographic pattern in the adulterated 
shale. 
(1) The concentration of C1s- alkanes is strongly reduced in the shale rel~tive to the 
contaminating oil (Fig. 7-9), a phenomenon probably related to evaporative loss 
after the shale was cut to slices. 
(2) Cu+ aliphatic hydrocarbons have lower absolute concentrations in slices b and c 
in comparison to slice d (Fig. 7-10). After the shale was removed from the oil 
bath, Cu+ alkanes were possibly carried to the surface of the shale by lighter 
hydrocarbons and lost by surficial cleaning of the rock. 
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(3) The migration speed of n-alkanes into the sample decreased with increasing chain 
length (Fig. 7-9 and Fig. 7-10) consistent with observations also made on 
chromatographic columns (Zhao-An & Philp, 1987) and during primary 
migration in shales under geological conditions (Mackenzie eta!., 1983). 
( 4) The concentration of the acyclic isoprenoids pristane and phytane increases 
towards the migration front relative to n-C17 (Fig. 7-5C) and n-C18, respectively. 
This is also in accord with relative retention times on alumina columns (Zhao-An 
& Philp, 1987) and during primary migration in shales under natural conditions 
(Leythaeuser eta!., 1984). 
(5) The most significant chromatographic effect is the strong retention behavior of 
aromatic hydrocarbons (Fig. 7-9 and 7-11). Low molecular weight aromatic 
hydrocarbons such as naphthalenes have high relative concentrations in the first 
Smm of the shale but drop sharply at greater penetration depths (Fig. 7-11A). 
Phenanthrenes, with a greater number of aromatic carbon atoms relative to 
naphthalenes, penetrated the shale only -2mm (Fig.7-11B). This observation is 
consistent with the generally observed strong adsorption of aromatic 
hydrocarbons to mineral surfaces relative to saturated hydrocarbons, and the 
increase of adsorption free energies with the number of aromatic carbon atoms in 
the molecule (Carlson & Chamberlain, 1985). 
(6) Methylated aromatic hydrocarbons migrated less into the shale relative to their 
parent compounds (Fig.7-11C, D). 
Chromatographic effects observed on steranes and hopanes are discussed in detail in 
Section 7.3 .4. 
Comparison of artificially contaminated shales with the Archean samples 
Although the rock samples used in the contamination simulation experiments 
possibly have different permeabilities and/or chromatographic properties from other 
Archean samples, the molecular separation patterns observed in the simulation 
experiments are somewhat comparable to the distribution of hydrocarbons in the 
Archean drillcore samples (Fig. 7-1 to 7-7). Contaminants could have entered 
Archean shale Da/1 through surfaces a and h (Fig. 7-1) and sample Bee] through 
surfaces a andf(Fig. 7-3). Figures 7-1 to 7-7 could therefore be interpreted as two 
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migration fronts moving towards the middle of the sample and therefore causing an 
approximately symmetric distribution. The bimodal alkane distribution in slice c of 
Figure 7-1 might then be a superposition of two migration fronts. Accepting the 
contamination hypothesis, lighter n-alkanes would have migrated faster into the shale 
than higher homologues, a phenomenon also observed in the contamination 
simulation experiments, although with a smaller separation effect. Furthermore, the 
concentrations of pristane and phytane relative to n-C11 and n-C 18, respectively, 
increases markedly towards the center of the samples, in both the Archean drillcore 
samples and the contamination simulation experiments (Fig. 7-SA to C). 
Also consistent with the simulation experiments and theoretical expectations of 
relative migration speeds is the rapid decline in concentrations of methylphen-
anthrenes and dimethylphenanthrenes towards the center ofthe shales (Fig. 7-6B, D 
and 7-llB). Unusual and inconsistent with the simulation is the observation that 
phenanthrene in the Archean shales maintains a non-zero concentration throughout 
the rock while methylated phenanthrenes drop below, or close to, the detection limit 
(Fig. 7-6B, D). However, as pointed out in the introduction, the shales from Tom 
Price contain- demonstrable indigenous P AH. The concentration profiles in the 
drillcore material might therefore represent superposition of homogeneously 
distributed indigenous P AH with later contaminations. A second deviation from the 
simulation experiments is the distribution of naphthalenes in drillcore sample Dall 
(Fig. 7-6A). The concentration of naphthalene and methylated naphthalenes increases 
towards the center of the Archean sample but decreases towards the center in the 
simulation. However, a similar pattern is also observed for low molecular weight n-
alkanes in sample Dall (Fig. 7-2) and to a lesser extent in the more kerogen-rich 
sample Bee] (Fig. 7-4). Declining concentrations oflighter hydrocarbons towards the 
surfaces indicate that a second mechanism evidently influences their distribution. As 
the lightest components are affected most, evaporation from the surfaces over 
I 
extended periods of time (years?) associated with diffusion along the new 
concentration gradient is a viable explanation. This would also explain the ?imodal 
concentration profiles observed for n-C16 to n-C1s in Figure 7-2 and n-C10 to n-C13 in 
. . 
Figure 7-4, with evaporation and diffusion back to the surface being superimposed 
over migration towards the center. The more extreme hydrocarbon concentration 
gradients in sample Beel (Fig. 7-3) compared to Dall (Fig. 7-1) could be the 
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consequence of a higher kerogen content (Bee]= 7.8% TOC; Dall = 1.3% TOC), of 
differences in mineral composition (Bee] = ~38% quartz, 34% chlorite, 15% 
muscovite; Dall = 98% chlorite) and/or of differences in pore space distribution and 
permeability. The weaker separation of saturated hydrocarbon in the contamination 
simulation experiments (Fig. 7 M9) is possibly caused by the lower kerogen content 
(0.4% TOC) of the sample and oversaturation of the chromatographic system with 
oil. 
The concentration profiles of hydrocarbons in the Archean drillcore samples are 
qualitatively comparable to the contamination-simulation experiments_ and consistent 
with theoretical expectations for chromatographic effects during penetration of a dry 
shale by liquid petroleum products. However, circumstantial evidence suggests that 
contamination is unlikely. The two most probable sources for liquid contaminations 
that could penetrate geological samples are drilling additives and saw cutting fluids. 
However, for the late Archean samples, both can be excluded. Firstly, elevated 
concentrations of hydrocarbons were found not only close to the rounded surface of 
the drillcore that was exposed to possible drilling additives but also close to surfaces 
that were sa~-cut after drilling and never in contact with drilling additives (Fig. 7-8). 
Second, the samples shown in Fig. 7-1 and 7-3 were only ever exposed to a clean 
saw under controlled conditions. 
According to this logic, if any petroleum products stained the samples after drilling 
and initial sawing, then contamination must have occurred during storage and 
handling. It is indeed conceivable that a single sample might have been exposed to 
spilled petroleum during several years of storage in a core-shed. However, the· same 
typical bitumens were detected in late Archean rocks from eight different diamond 
drillcores, drilled by several companies and stored at three different locations several 
hundred kilometers apart. The samples were also collected during four different field 
trips by different groups and analyzed in two different laboratories. All samples have 
very high 2a.-methylhopane indices and acyclic isoprenoids that are depleted in 13C 
relative to n-alkanes, both characteristics typical of many Precambrian samples but 
rare in younger crude oils. All extra:cts have condensate-like n-alkane distributions 
and methyldiamondoid and aromatic steroid parameters indicating maturities in the 
wet-gas zone. Crude oils with such high maturities are relatively rare and any 
petroleum products with a condensate-like alkane profile are certainly unusual. It is 
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therefore very unlikely that all samples were contaminated by the same unusual 
petroleum product with the typical characteristics of highly overmature Precambrian 
bitum~n. The only conceivable common contaminant for all samples is fumes from 
diesel-driven engines. However, diesel exhausts lack lighter hydrocarbons 
(Fig. 3-15) and commonly only contain insignificant amounts of higher molecular 
weight biomarkers such as steranes and hopanes. 
Therefore, to support the contamination -model it is necessary to postulate a 
mechanism that led to the transformation of accumulated diesel exhausts to the 
observed hydrocarbon mixture. This, however, is not entirely unreasonable. Kerogen 
in the Archean samples might have acted as a 'hydrocarbon sponge' similar to an 
active-coal filter that accumulated airborne hydrocarbons during several years of 
storage in open core sheds. Hydrocarbons with higher migration speeds might have 
preferentially entered the shales and were then protected from re-evaporation and 
biodegradation on the surface. Molecules with lower adsorption free energies and 
lower molecular weights might thus have been concentrated in the Archean samples, 
leading to the condensate-like n-alkane distribution and enhanced maturity 
parameters. "Notably, an apparent increase of some maturity parameters has been 
observed before in other chromatographic systems (Carlson & Chamberlain, 1985; 
Zhao-An & Philp, 1987; Zhusheng et a!., 1988). However, quantitative 
considerations make this chromatographic transformation proposition unlikely. The 
richest Archean shale contained ~ 1 OOOJ.Lg saturated hydrocarbons per gram of rock, a 
concentration that is twice the amount of oil that entered the shale in the 
contamination simulation experiment. In the simulation experiment, the rock was 
submerged in liquid crude oil for six days and it seems unlikely that airborne 
exhausts could accumulate to similar concentrations (Chapter 3). Moreover, it is 
unclear how surficially adsorbed contaminants could migrate into microfissures or 
pore space without high concentrations of a mobile liquid phase, as was .the case in 
the simulation experiment. It is thus also necessary to examine the concentration 
gradients in the Archean drillcore samples from an opposite perspective: migration of 
indigenous bitumen outward from the sample core towards the surfaces. 
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7.3.3. The condensate-escape model 
When oil- and gas-prone source rocks are recovered by drilling, it is frequently 
observed that gas escapes from shales with a hissing sound and oil or condensate 
leaks from the core surface ('live-oil effect') (Jackson·et a/., 198~; Price, 1993; Price, 
1997; Price, 1999). Shales from the Gulf Coast, for example, suffer a pressure 
decrease from 1600bar to 1bar when removed from 7620 meters depth to wellhead 
level (Price, 1997). The gas violently expands during the trip up the well, carrying 
higher hydrocarbons to the core surface and expelling oil into the drilling mud. 
Sokolov eta/. (1971) collected gas-prone samples at depth of390 to 620 meters in a 
pressure-sealed core-barrel constructed to recover escaping gas and compared the 
yields with conventionally drilled samples. He found that 98 to 99.9% of gas was lost 
by gas-escape during core recovery. Price (1999) describes the observation by 
drilling personnel and wellsite geologists that cutting chips of mature mudstones 
'spin and fizz at wellhead from outgassing of only the gas remaining in the rocks at 
wellhead, which is but a small fraction of the gas originally present in the rock, 
before the tr~p up the well bore'. Core samples can also continue bleeding oil long 
after recovery (Price, 1999) . 
Such a petroleum escape process might also have occurred during and after recovery 
of the Archean srupples studied here. Anecdotal reports (R. Buick, personal 
communication) suggest that drill cores from late Archean sedimentary rocks in the 
Pilbara Craton have indeed bled petroleum, in one case to such an extent that a flask 
of 'oil' was collected. Unfortunately, these rumors cannot be confirmed, nor can any 
of the petroleum reputedly recovered now be located. However, extant oil of 
Archean age has been found in fluid inclusions in some of the rocks discussed here 
(Hardey Formation; Dutkiewicz et a!., 1998). So, small quantities of higher 
hydrocarbons in gas solution could have been carried towards the surface of the core 
' 
and then precipitated as gas-condensates upon pressure release. To establish whether 
this 'condensate-escape model' is realistic and whether it could generate the 
observed concentration gradients, first 'the carrying capacity of methane for h.igher 
hydrocarbons is discussed and then the concentration profiles of the Archean shales 
are compared to patterns detected in samples where the live-oil effect has 
demonstrably occurred. 
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The Archean rocks evidently suffered low-grade metamorphism at temperatures 
above 200°C, a severe thermal regime that is reflected by the overmature to pyrolytic 
composition of the bitumens. According to molecular parameters of thermal 
maturity, the bitumen rank is in the wet-gas zone of petroleum generation 
(Chapter 3). Under these conditions, most hydrocarbons in the Archean shales would 
probably have existed as a solution of higher hydrocarbons in gas, predominantly 
methane. If the permeability of the Archean shales was obliterated before gas could 
escape, then pressurized methane could have been preserved in pore space to the 
present day. Preservation of methane has, for example, also ~een observed in 
hydrocarbon-bearing fluid inclusions of Archean age (>ISObars; A. Dutkiewicz, 
unpublished preliminary results) and even in commercially relevant quantities in the 
~2. 7 to 2.9Ga Witwatersrand Supergroup, South Africa (Buick eta/., 1998). 
Pressurized and water-wet methane is known for its capacity to dissolve relatively 
high concentrations of crude oil (Price et a/., 1983). Methane becomes supercritical 
at~ -83°C above 45.0bars (Krooss et al., 1991). At 50°C2 and at the comparatively 
low pressure of 230bars, one gram of Archean shale with 1% porosity might contain 
a minimum of36~g c20· hydrocarbons fully dissolved in the supercritical gas phase 
(calculated using data in Price eta/., 1983). At a still moderate pressure of 800bars, 
the quantity increases to a minimum of2300J.Lg c2 to c30+ hydrocarbons per gram of 
shale. The given values are minimum estimates as the carrying capacity of methane 
increases dramatically in the presence of other hydrocarbon gases such as ethane and 
propane and also in the presence of carbon dioxide (Price et a/., 1983). At high 
pressures, the quantity of bitumen that is soluble in the gas phase at present day 
temperatures is therefore markedly higher than the actual concentration of bitumen 
that was found in most Archean shales (1 to 20J..Lg bitumen per gram of rock in 
drill core WRL-1) and still higher than in the richest Archean sample (Rae} 
-1000J.Lg/g). It is therefore possible that most of the bitumen was dissolved in 
pressurized gas when the Archean shales were first recovered from 350 to 700 meters 
depth. Microflssures would have formed as a result of pressure relief and gradual 
desiccation of the shale, into which the gas escaped, slowly carrying dissolved 
hydrocarbons to the surface or into major joints and fractures where higher molecular 
weight components condensated. As drillcore is frequently cut directly after drilling, 
2 the temperature of black shale exposed to the sun in the Pilbara desert after drilling. 
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the gradually escaping condensates could also have accumulated close to saw-cut 
surfaces as observed in WRL-1 sample Roy14 (Fig. 7-8, slice a). To determine 
whether the concentration gradients in the Archean drillcore samples are consistent 
with a live-oil effect, two Mesoproterozoic samples were analyzed where migration 
of oil to the rock surface had been observed. 
Jackson et al. (1986) reported that 'oil bubbled from thin laminae of siltstone 
enclosed in black mudstone of the Velkerri Formation at a depth of 345.4 to 346.5m 
in the BMR Urapunga no 4 stratigraphic hole'. This oil from the - 1.4Ga Roper 
Group, McArthur Basin, Northern Territory, is the oldest reported live-oil. For 
comparison with the Archean shales, the spatial hydrocarbon· distributions of 
Velkerri mudstones from two drillholes were analyzed using the slice-extraction 
technique (Fig. 7-5C to 7-12). The samples included a shale directly adjacent to the 
siltstone where Jackson eta!. (1986) observed the s.eeping oil (sample Ve/2) and a 
shale of the Velkerri Formation from a second drillhole (Vell). Bulk characteristics 
and a maturity assessment of the Archean and Mesoproterozoic samples are 
summarized in Table 7-1. 
Velkerri sample Ve/2 contained very high absolute concentrations of bitumen 
(30,000ppm (J..Lg per gram of rock]) dominated by an unresolved complex mixture 
(UCM) (Fig. 7-12). Despite the observation that oil had bubbled out of the adjacent 
siltstone, no concentration gradients were detected (Fig.7-13B). The second Velkerri 
sample (Veil) contained an order of magnitude lower absolute concentration of 
bitumen than Ve/2 (~3400ppm) but still one to two orders of magnitude more than 
the Archean shales (Table 7-1 ). In this sample, it was possible to observe 
concentration gradients between the surface of the drillcore and its center (Fig. 7-13 
to 7 -15). The effect is much less pronounced than in the Archean shales but shows 
some characteristics in common. First, the concentration of light n-alkanes increases 
inwards from the surface towards the center, possibly as a result of evaporative loss 
(compare Fig. 7-13A with Fig. 7-2; note that the Velkerri sample is only bounded by 
one migration surface and the Archean samples by two). Second, the concentration 
of higher n-alkanes increases towards the surface in both the Velkerri sample and the 
Archean shales. Although the effect is much stronger in the Archean samples, it is 
notable that the concentration of high molecular weight molecules like n-C2s in the 
Velkerri shale increases by 100% from the center to the surface (Fig. 7-13A). In 
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Figure 7-12. GC-MS full scan of the total extract of sample Ve/2, Velkerri Formation, Roper Group, 
McArthur Basin. ·-·Indicates the internal standard. 
addition, the absolute increase of n-alkanes towards the surface of the Archean and 
Mesoproterozoic samples is similar (the scale in Figs. 7-2 and 7-4 is in ng and 
in Fig. 7-13A in J.Lg). The third similarity is the concentration profile of aromatic 
hydrocarbons. Naphthalenes and phenanthrenes increase towards the surface in both 
Mesoproterozoic and Archean shales (compare Fig. 7-ISA, B with Fig. 7-6C to D). 
The greatest difference between the live-oil effect in the Velkerri sample and the 
Archean shales is the magnitude of the concentration gradients. Other significant 
differences are · the behavior of the pristane/n-C17 ratio, which strongly increases 
towards the surface of the Velkerri sample but decreases in the Archean shales 
(Fig. 7-5), and also the reversed trends in naphthalene/methylnaphthalenes and 
phenanthrene/methylphenanthrenes ratios (compare Fig. 7-15C, D with Fig. 7-7). 
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Figure 7-13. Concentration profiles of n-alkanes with distance from the outer surface of (A) sample 
Veil and (B) sample Ve/2 from the Velkerri Formation, Roper Group, McArthur Basin:. 
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Figure 7-14. Mass-chromatograms m/z = 85 of slice-extraction experiments for a sample with a 
known live-oil effect (Veil from the Velkerri Formation, McArthur Basin). Signal heights are 
approximately proportional to concentrations. Dashed lines in the illustration of the drillcore are saw 
cuts. Note that Veil had an exposed surface only' on slice a and not a second exposed surface as in the 
samples shown in Fig.7-l and Fig. 7-3. The bedding direction is parallel to the plane of the paper. '-' 
is the internal standard. 
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Figure 7-15. Concentration and ratio-profiles of naphthalenes and phenanthrenes of sample Yell from 
the Velkerri Formation, McArthur Basin. f'he arrows indicate the direction of bitumen escape towards 
the surface (live-oil effect). (A) Relative concentration of naphthalenes and (B) of phenanthrenes 
(normalized). (C) Change of naphthalene ratios with distance from the surface (at O.Omm) and (D) 
change of phenanthrene ratios. Concentrations were calculated using the sum of all isomers. 
The differences between the Archean and the Mesoproterozoic concentration profiles 
might have the following explanations. Firstly, the Mesoproterozoic bitumens are 
only marginally mature while the Archean samples contain highly overmature gas-
condensates. Secondly, the absolute bitumen concentration in the Velkerri samples is 
one to three orders of magnitude higher than in the Archean shales (Table 7-1). 
These dissimilarities possibly resulted in fundamentally different migration 
mechanisms. 
In the Velkerri samples, bitumen concentrations far exceed the carrying capacity of 
methane. Only a small fraction of hydrocarbons could have been transported to the 
surface in gas-solution, so bitumen must have been mainly transported as a liquid 
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pushed through the pore and microfissure system by expanding gas. Hydrocarbon 
transport in the Velkerri sample can therefore be described as a chromatographic 
system with oil as the predominant mobile phase and films of bitumen adsorbed to 
mineral and kerogen surfaces as a liquid stationary phase. 
In contrast, the Archean shales might have contained enough supercritical methane 
(and C02?) to keep most higher hydrocarbons in the gas phase even at low 
temperatures. Transport to the surface can therefore be described as a 
chromatographic system with supercritical hydrocarbons as the mobile phase and a 
film of water adsorbed to mineral surfaces as a liquid stationary ph~e with kerogen 
as an additional reversed phase. Mineral surfaces lose the capacity for molecular 
fractionation in the presence of water, and kerogen becomes an ineffective reversed 
chromatographic system if hydrocarbons are the mobile phase (Carlson & 
Chamberlain, 1985). Therefore, fractionation and retention of hydrocarbons during 
gas-condensate escape might have been weak. The weak chromatographic effect of 
the water-wet Archean shales might be illustrated by comparison with a 2cm long 
gas-chromatographic column that contains an inactivated stationary phase. Especially 
in Fortescue <;roup sample Roy14, where the total yield ofC9+ hydrocarbons was less 
than 20ppm, potentially far above the carrying capacity of the gas-p has~, transport to 
the rock surface might have been almost complete (Fig. 7-8). 
Hard to explain, however, are the distribution patterns of n-alkanes (Fig.7-l to 7-4) 
and acyclic isoprenoids (Fig. 7 -5) that, according to separation laws in gas-
chromatographic systems, seem to be more consistent with a migration direction 
from the surface to the inside. Two explanations can be proposed. Firstly, surficial 
condensate might have redistributed itself back into microfissures and pores of the 
shale once the gas pressure had dropped to atmospheric levels, similar to the 
mechanisms observed during the contamination simulation experiments. Secondly, 
and from a purely hypothetical viewpoint, the complex chromatographic system -
supercritical gas as a mobile phase, adsorbed water and various minerals as a 
stationary multiphase and graphitic kerogen as additional reversed phase - might 
. 
have led to a counterintuitive molecular fractionation. Moreover, size-exclusion 
effects might have contributed to the observed inverted patterns (Krooss et al., 1991 ). 
Remaining unexplained are the stronger retention of parent aromatic hydrocarbons 
relative to methylated homologues and, most problematic, the apparent lack of 
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residual bitumen physically trapped in kerogen and therefore protected against 
migration outward. 
The condensate-escape model accurately explains the increase of hydrocarbon 
concentrations on the surface of the Archean shales but requires untested or unlikely 
assumptions to explain the patterns of mol~cular fractionation. Moreover, the model 
fails to explain concentrations below detection limit in the center of some samples 
and the preferential retention of unsubstituted over alkylated aromatic hydrocarbons. 
The contamination model successfully replicates the concentration gradients and 
chromatographic patterns in the Archean shales, and explains higher concentrations 
of parent P AH inside the samples by accepting their indigenous nature. However the 
contamination model requires that a large number of independent samples from 
various locations were all contaminated during storage or handling with a liquid 
petroleum product that has typical characteristics of a highly overmature 
Precambrian condensate. A likely source for such a contaminant is currently 
unknown. Therefore, the mechanisms that caused the hydrocarbon distribution 
patterns within the Archean shales remain obscure and require further scrutiny. 
7.3.4. Effects on biomarker ratios 
Biomarker ratios in bitumens from drillcore WRL-1 have strongly fluctuating values 
independent of depositional depth (Fig. 7-16; Table 3-2). This apparent random 
variation is important, as it could reflect local variations in biological source input, 
lithology or thermal maturity, and might therefore be an indication for syngeneity as 
suggested by Brocks eta/. (1999). The following section, it is considered whether the 
biomarker variations in WRL-1 could instead be the consequence of chromato-
graphic separation similar to the effects discussed above. 
Shales collected from drillcore WRL-1 between - 600 to 1800 meters drilling depth 
contain traces of bitumen with preserved sterane and hopane biomarkers (Chapter 3). 
Many biomarker ratios show irregular variations between samples from different 
depths (Table 3-2). The sterane to hopane ratio (Ster/Hop) fluctuates between 0.6 and 
2.6, the C31-2a.-methylhopane index (C3 t MHI) has values from 7% to 17% and the 
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Figure 7-16. Plots of depositional depth in drillcore WRL-1 against (A) the C2Taaa-
20S/(20S+20R) sterane-ratio and (B) the diasteranes/regular steranes ratio (Dia/Reg). 
relative concentration of C29 and C3o-o:~-hopanes (C29/C3o) ranges from 1.3 to 2.1. 
Similar variations can be observed for the relative abundances of C27 to C29-regular 
steranes (Reg c27% etc), c27 to c29-diasteranes (Dia c27 % etc) and the ratio of dia-
to regular steranes (Dia/Reg) (Table 3-2). Random variation of biomarker ratios with 
depositional depth is, in many Phanerozoic rocks, a function of variable biological 
source input and, as such, characteristic of syngenetic bitumen in a typical source 
rock facies. Based on this relationship Brocks et a!. (1999) have suggested that the 
biomarker fluctuations in the late Archean samples probably indicate syngeneity. 
However, the extracts from WRL-1 also show marked variations of ratios that are 
commonly primarily controlled by thermal maturity (C27 to C29-~~/(o:o:+~~) 
steranes, C21 to C29-20S/(20S+20R) steranes, C31-22S/(22S+22R) hopanes) 
(Table 3-2). But thermal maturity can also be ruled out as a main controlling factor 
as ratios vary between nearby samples and none of the commonly temperature 
controlled ratios correlates with depositional depth (e.g. Fig. 7-16). 
Notably, some biomarker epimer ratios ~xceed the maximum values anticipated for 
thermal end-points. For example, th.e sterane parameter C29-20S/(20S+20R) has a 
recorded thermal maximum of .....0.55 (Peters & Moldowan, 1993) but peaks in 
WRL-1 at 0.77. It is known that biomarker ratios above thermal equilibrium can be 
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caused by chromatographic interactions of bitumen with mineral surfaces (Carlson & 
Chamberlain, 1985; Zhao-An & Philp, 1987; Zhusheng eta!., 1988). As the slice-
extraction experiments indicate that molecular fractionation has occurred in Archean 
samples after drilling, biomarker variations in WRL-1 might also have been affected 
by chromatographic separation. Unfortunately, biomarker yields in the slice 
experiments were far too low to obtain reliable biomarker data to test ratio changes 
with migration distance. 
However, it is possible to evaluate possible chromatographic effects for the twelve 
WRL-1 samples by cross-plotting biomarker ratios that have different sensitivities to 
chromatographic effects (Fig. 7 -17). Many pairs of biomarker ratios without apparent 
biological links, such as C27-a.~~/(a.aa.+a.~~) steranes versus C29/C3o hopanes 
(Fig. 7-17A) or steraneslhop~es versus diasteranes/regular steranes (Fig. 7-17B), 
show some degree of correlation. Significantly, the directions of the trends are 
consistent with known chromatographic biomarker-mineral interactions. 20S-a.a.a.-
steranes have, for example, lower adsorption free energies to mineral surfaces than 
20R isomers (Carlson & Chamberlain, 1985). a.aa.-Steranes with the 20S 
configuration- might therefore migrate faster than the 20R isomers in liquid-solid 
chromatographic systems, and the otherwise predominantly maturity controlled ratio 
20S/(20S+20R) thus should increase under ideal conditions at petroleum migration 
fronts (Carlson & Chamberlain, 1985; Krooss eta/. , 1991). Similarly, a.~~-steranes 
migrate faster than their a.a.a.-isomers (Carlson & Chamberlain, 1985), diasteranes 
faster than regular steranes (Zhusheng et al., 1988), steranes faster than hopanes, and 
22S-isomers of a.~-hopanes faster than 22R (Zhao-An & Philp, 1987). Under ideal 
chromatographic conditions, c27-steranes also migrate faster than their higher 
homologues (Zhusheng eta!., 1988) and C29-hopanes faster than the C3o-counterpart 
(Zhao-An & Philp, 1987). 
These relative migration speeds are apparently reflected in the distribution of 
biomarkers in drill core WRL-1. Figure 7 -17B indicates that bitumens in WRL-1 with 
high steranes to hopanes ratios tend to have high concentrations of diasteranes 
relative to regular steranes. This observation correlates with the fact that steranes 
migrate faster than hopanes (Zhao-An & Philp, 1987) and diasteranes faster than 
regular steranes (Zhusheng et al. , 1988). Bitumens with high diasterane to regular 
sterane ratios are also somewhat enriched in 20S isomers over 20R (Fig. 7 -17C) and, 
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Figure 7-17. Correlations of various biomarker ratios in samples from drillcore WRL-1. r is the 
correlation index. 
although the correlations are comparatively weak, enriched in a~~-steranes over 
aaa-steranes (Fig. 7-17D) and in C2rsteranes over higher homologues (Fig. 7-17E). 
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A similar trend is observed for Cz9-20S/(20S+20R) versus Cz9-a~~/(aaa+a~~) 
steranes (Fig. 7-17F) and, weakly for C29/C3o-a~-hopanes versus 
C27-a~~/(aaa+a~~) (Fig. 7-17A). Although some of the correlations are weak, a 
trend undeniably exists, and the number of biomarker ratios that develop according 
to relative migration speed suggests that the parameter fluctuations in WRL-1 are 
non-random and at least partly caused by chromatographic effects. Moreover, as a 
polar stationary phase has a greatly reduced· or obliterated chromatographic capacity 
in the presence of water (Carlson & Chamberlain, 1985; Krooss et al., 1991), the 
rock material of WRL-1 probably had a low natural water- content when the 
biomarker fractionation occurred. 
If the biomarker variations in WRL-1 are indeed correctly interpreted as a separation 
effect, then it might have acted (1) during invasion of the Archean terrain by a 
younger migrating oil, (2) by redistribution of indigenous bitumen within the host 
rock during primary migration, (3) during adulteration of the drillcore material by a 
contaminant according to the contamination-model and/or ( 4) during migration of 
gas-condensate to the drillcore-surface after pressure release according to the 
condensate-escape model. 
(1) Adulteration by migrating oil is easily discounted. It is highly unlikely that 
chromatographic effects acting on homogeneously migrated oil with a travel 
distance of many kilometers could generate markedly fluctuating biomarker 
parameters in rocks only several meters apart, especially in a water-wet system. 
(2) Chromatography over short distances during primary migration has in 
hydrocarbon-oversaturated and water-wet natural systems only extremely weak 
effects on biomarker epimer ratios and probably no effect on homologue ratios 
(Carlson & Chamberlain, 1985; Krooss eta/., 1991). However, chromatographic 
effects might have been active in Archean shales during peak metan1orphism 
when both bitumen and water were in the gas phase. Primary migration of gas-
condensate is therefore a viable explanation for the biomarker variations. 
(3) The contamination model requires significant fractionation of steranes and 
hopanes over a migration distance of -1 to 3cm from the surface of the core to 
the center. Although such a strong chromatographic effect seems unlikely at first 
glance, contamination-simulation experiments reveal sharp changes in biomarker 
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ratios after only 1 Omm migration of crude oil into a compact dry shale 
(Table 7-2). C29Ts/C29 hopanes dropped from 0.79 to 0.42, steranes/hopanes 
increased from 1.9 to 3.8, C2raaa-20S/(20S+20R) from 0.54 to 0.69, C2s-
a~~/(a~~+aaa) from 0.54 to 0.79 and diasteranes/regular steranes doubled from 
2.2 to 4.4. The relative abundance of C27 regular steranes relative to their higher 
homologues remained almost constant. However, the abundance of C2s steranes 
decreased from 25 to 19% and the C29 ho-mologue increased from 39 to 45%. The 
same pattern was found for the corresponding diasterane homologues 
(Table 7-2). The absolute sterane and hopane concentration (per gram of rock) 
dropped less than 25% from 2mm to lOmm migration depth. Most of the ratio 
changes in the contamination simulation experiment are consistent with reported 
relative adsorption free energies (Carlson & Chamberlain, 1985), although the 
magnitude of fractionation is unexpected for such a short chromatographic 
distance. Therefore, the contamination-simulation experiments demonstrate that 
separation effects in dry shale over a distance of several millimeters are strong 
enough to generate significant changes in biomarker isomer and homologue 
ratios. However, ifWRL-1 was indeed contaminated, it remains unexplained why 
overall biomarker ratios vary between samples, as any generated biomarker 
gradient inside the rock would be averaged out when samples of quartercore are 
extracted. 
( 4) Fractionation of biomarkers during escape of a gas-condensate from the core 
after drilling, is probably also not an option. Separation of compounds with 
minute differences in adsorption energies, as between biomarker isomers and 
homologues, requires strong interactions between the mobile and stationary 
phase (Carlson & Chamberlain, 1985). However, the almost quantitative 
transport of higher molecular weight compounds in supercritical solution to the 
surface of the drill core (Fig. 7 -8) is only possible if adsorption to the. stationary 
phase is negligible. 
The only viable explanation for the chromatographic effects appears to be primary 
migration of wet-gas. However, the hydrocarbon distribution in the Archean rocks is 
complex, and without biomarker data from slice experiments all four hypotheses 
remain conjectures. 
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Table 7-2. Changes in biomarker ratios of crude oil with penetration depth into shale (cf. Fig. 7-9). 
Hopanes Steranes 
C27/ C29/ C30/ Ts/ C29Ts/ C31S/ C31 Ster/ Dial C27 C28 !JfY 
C29b C30 C31 Ts+Tm C29 (S+R) MHI Hop Reg S/{S+R) aa+J3f} 
-i~~~-n_9:~t ___ --i.~----- -~:~~- -----H --~ -- ~~H-- --+~ --- -~:~~-- ---+i--- ---H--+- ~~b- - ----~~~--- --~~j~--· 
5 mm 2.3 0.60 1.7 f 0.78 0.80 0.57 3.2 1.4 f 1.8 0.48 0.50 
10 mm 1.0 0.60 1.6 0.62 0.42 0.61 4.6 3.8 4.4 0.69 0.79 
Table 7-2. cont. 
Reg 
C27% 
Reg 
C28% 
Reg 
C29% 
Dia 
C27% 
Dia . 
C2S% 
Dia 
C29% 
_«;~~~~~l_n_9:~t- ••• • _ •• __ -~~ _________ •• •. ?!. ___ __ t ______ ~~. _ .. ____ . __. _  4_1 ______ .+. _ ..__ ~~- ___ ___ . _____ -~~ ____ ... 
2 mm 37 23 40 38 23 38 
5 mm 34 19 46 35 20 45 
10 mm 35 19 45 36 19 45 
a) Biomarker ratios are as defmed in Table 3-2. 
7.4. Conclusions 
7.4.1. Implications for the interpretation of biomarkers in Archean rocks 
Solvent extraction of millimeter-thick slices of late Archean shale from three 
drillcores reveals that hydrocarbons are not homogeneously distributed in the host 
rocks. Saturated and aromatic hydrocarbons of low molecular weight have gradually 
increasing concentrations from the surfaces to the center while the abundance of 
higher hydrocarbons decreases with distance from outer rock surfaces. The 
inhomogeneous distribution of hydrocarbons in Archean drillcore material has the 
following implications for syngeneity. 
(1) In some samples of drillcore WRL-1, the hydrocarbons are concentrated near the 
outer drillcore surface. However, as the same typical condensate-like distribution 
was also found near surfaces that w~re cut after drilling, the hydrocarbons were 
not introduced into the samples during drilling. 
(2) Comparisons with artificially contaminated shales indicate that most 
characteristics of the hydrocarbon concentration patterns in the Archean shales 
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can be explained by surficial staining and diffusion of the contaminant into the 
rock. However, samples from eight different drillcores collected and stored at 
different locations contain hydrocarbons with the typical composition of a highly 
overmature, condensate-like Precambrian bitumen. It seems highly unlikely that 
all samples were contaminated during storage and handling by the same unusual 
petroleum product. 
(3) The condensate-escape model suggests tliat hydrocarbons in the Archean shales 
were dissolved in a pressurized supercritical gas-phase. After drilling, 
microfissures would have formed as a result of desiccation and.pressure release. 
The gas would have then escaped, precipitating higher hydrocarbons as gas-
condensate close to rock surfaces. Escape of petroleum as the result of pressure 
release after drilling has been observed in moderately mature mudstones of the 
Velkerri Formation. Analysis of this shale indicates that the concentration 
gradients generated by the oil are generally similar to those in the Archean 
samples. However, the· chromatographic patterns in the Archean shales are more 
extreme and pristane/n-C17 and naphthalene/methylnaphtahlene ratios are 
reversed. 
(4) The differences between the live-oil effect in the Velkerri sample and the 
concentration patterns in the Archean shales might have been caused by different 
migration mechanisms. Oil escape in the less mature Velkerri shales was 
probably the result of simple fluid flow driven by expanding gas bubbles. The 
concentration gradients in the highly overmature Archean shales, on the other 
hand, are possibly the result of a chromatographic system with supercritical gas 
as the mobile phase and water-wet mineral surfaces and methane-saturated 
kerogen as the stationary multi-phase. Alternatively or additionally, the 
concentration gradients in the Archean shales might have formed when 
predominantly surficial gas-condensate migrated or diffused back several 
millimeters into microfissures and pore space. 
No single model fully accounts for all observations. The events that caused the 
hydrocarbon concentration gradients therefore remain obscure and require further 
investigation. 
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(5) Biomarker variations with depositional depths in Archean drillcore WRL-1 are 
probably influenced by chromatographic fractionation. The variation is therefore 
not an unambiguous biological signature from syngenetic source rock facies as 
suggested before (Brocks et a/., 1999). 
7.4.2. Implications for organic geochemical analyses in general 
(1) Liquid petroleum products can permeate apparently compact shales centimeters-
deep in several hours or days. Trimming of rock samples or cleaning and rinsing 
outer surfaces might therefore not remove contamination that entered samples 
during drilling or cutting. Such contaminants might only become apparent by 
measuring concentration gradients in rock samples as discussed above. 
(2) If the saturated hydrocarbon fractions in the Archean shales are indeed contami-
nation, then adulteration of rock samples with petroleum products in the ppm 
range may be a common phenomenon. If so, organic trace-analysis of samples 
stored for a prolonged period under uncontrolled conditions becomes umeliable. 
(3) The loss of gas and bitumen from drillcore samples by the live-oil effect has not 
only a significant impact on hydrocarbon yields (Price, 1999) but might also 
change bitumen compositions and biomarker ratios. For example, acyclic 
isoprenoids in shales of the Velkerri Formation were transported faster to rock 
surfaces than n-alkanes. Surface trimming of Velkerri drill core would have led 
almost to the quantitative loss of pristane and phytane and therefore to incorrect 
source information. Clearly, for future studies of trace organic compounds, slice 
experiments should be integrated into analytical protocols. 
(4) If condensate-escape also alters biomarker ratios, then application Of biomarker 
data from gas-prone samples for maturity assessment and oil - source rock 
correlation becomes problematic. , 
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7.5. Directions for continuing research 
Further appraisal of chromatographic patterns generated by the live-oil effect and by 
petroleum adulteration might eventually lead to a methodology that can not only 
unequivocally detect a contaminated sample but can also recognize and reconstruct 
an indigenous bitumen overprinted by later additions or modifications. 
Analysis of numerous source rocks with the slice-extraction technique will reveal 
how many bitumens have been affected by the live-oil effect or by surficial 
contamination, which in tum might lead to a reassessment of ilie reliability of the 
analysis of lean or gas-prone rocks and on samples where surfaces are removed or 
cleaned. If such studies show a widespread pattern of addition, loss or fractionation 
of hydrocarbons, then re-evaluation might be warranted in studies where 
interpretations are based on trace constituents of rock extracts, including reports of 
biomarkers in older and leaner Precambrian strata. For Archean samples and other 
gas-condensates, immediate collection of new drillcore material in clean pressure 
vessels would facilitate recovery of volatiles, maintenance of original hydrocarbon 
ratios and elimination of the contamination problem. 
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8. Hydr_ocarbons of uncertain affinity from three Paleoproterozoic 
to early Archean locations on the Pilbara Craton, W A 
Abstract - This chapter discusses the composition, thermal 
maturity and syngeneity of hydrocarbons obtained from the 
Paleoproterozoic 1.8 to 2.2Ga~Duck Creek Dolomite, Wyloo 
Group, the late Archean 2.78Ga Mt Roe Formation, lower 
Fortescue Group, and the early Archean -3.2Ga Paddy 
Market Formation, Gorge Creek Group. Some hydrocarbons 
extracted from a shale from the Duck Creek Dolomite 
collected in an open-cut gold mine have a pyrolytic and 
possibly hydrothermal signature and closely resemble those 
from the iron ore deposits at Mt Tom Price and Mt 
Whaleback. However, these probably indigenous 
hydrocarbons were contaminated with younger immature 
bitumen of unknown origin. Shales from the Mt Roe 
. Formation near Marble Bar contain aromatic and saturated 
hydrocarbons similar to bitumens from the upper Fortescue 
Group and lowermost Hamersley Group in the Wittenoom 
area. However, biomarker concentrations are low and a 
reliable maturity and integrity assessment is thus not possible. 
The samples are additionally contaminated with immature 
waxy n-alkanes. Hydrocarbons extracted from the -3.2Ga 
Paddy Market Formation possess the same typical Pre-
cambrian signatures as bitumens from the Fortescue and 
lowermost Hamersley Groups, including condensate-like 
n-alkane profiles, high 2a-methylhopane indices, acyclic 
isoprenoids depleted in 13C relative to n-alkanes, and the 
apparent absence of plant-derived biomarkers. However, the 
. 
provenance of the hydrocarbons remains obscure, as reliable 
maturity parameters were not measurable. 
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8.1. Extractable hydrocarbons from the Paleoproterozoic Duck 
Creek Dolomite, Wyloo Group (2.2 - 1.8Ga) 
Bulk characteristics 
Sample Duel, a dark-grey massive mudstone with a high kerogen content (TOC = 
5.1 %) was collected in the pit wall of the Amphitheater gold mine located at the 
southernmost margin of the Pilbara Craton (Fig. 2-1 ). The host rock is part of the 2.2 
to 1.8Ga Duck Creek Dolomite from the Paleoproterozoic Wyloo Group (Table 2-1), 
with a regional metamorphic grade of prehnite-pumpellyite facies (Table 2-2). 
Solvent extraction yielded 6.1 ppm saturated hydrocarbons, comparable to quantities 
obtained from samples ofthe Fortescue Group (Table 3-1). However, the abundance 
of aromatic hydrocarbons is comparatively low (0.3ppm) resulting in an increased 
saturated to aromatic hydrocarbons ratio (Sat/ Aro <= 20). 
· Bitumen composition 
Gas chromatography of the saturated hydrocarbon fraction indicates the presence of 
n-alkanes, mid- and end-chain branched monomethylalkanes and acyclic isoprenoids 
~Cts (Fig 8-IA). n-Alkanes have a profile like gas-condensates. The inost abW1dant 
homologue is n-C11 while concentrations of higher n-alkanes decrease rapidly with 
increasing carbon number. Apparently inconsistent with the condensate-like profile 
is a pronounced even-over-odd predominance in the range n-C12 to n-C20. GC-
MS-MS also revealed the presence of steranes and hopanes. Although their absolute 
abundance is very low (-2.5ppm, Table 3-1), the extract/blank ratios for individual 
biomarkers are >20, indicating that the concentrations are still significantly above the 
laboratory background noise (Table 8-1 ). The most conspicuous difference between 
Duel and all other bitumens studied here is its unusually low 2a-rrtethylhopane 
index C31-MHI = 1.4%. Typical Proterozoic bitumens (Summons eta/., 1999) and 
most late Archean bitumens (Table 3-2) have values > 10%. 
The aromatic fraction is characterized by a predominance of unsubstituted over 
alkylated aromatic hydrocarbons in the range biphenyl (BiPh) to pyrene (Pyr) 
(Fig 8-lB). Conspicuous is the abundance of the heteroaromatic compounds 
dibenzofuran (DBF) and dibenzothiophene (OBT). A compound with the molecular 
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mass 216 dalton was tentatively identified by its mass~spectrum as the sulfur-
heterocycle thianthrene, a compound not detected in any other sample. 
Table 8~1. Extract/blank ratiosa for representative biomarkers of sample Duel, Duck Creek Dolomite. 
Duel 
Hopanes 
Tsb 
30 
Cl9-af3 
54 
Steranes 
C2-rl3cx-20S 
.. 22 
Czs-aaa-208 
69 
C19 -4~ 20S+R 
35 
a) [compound A in rock extract]/[ compound A in procedural blank]. b) Compound abbreviations are 
defined in Appendix IV. 
Thermal maturity 
Sterane and hopane biomarker parameters indicate a very low thermal maturity 
(Table 3-2). The hopane epimer ratio C31 ~22S/(S+R) is 0.28, far below the thermal 
maximum of --0.55 and consistent with a maturity in the earliest stages of oil 
generation. This assessment is supported by high relative concentrations of thermally 
unstable moretanes (C3o~moretane/hopane = 0.44; thermal maximum is --0.05), some 
sterane isomer ratios significantly below thermal maximum (Table 3-2) and the even-
over~odd predominance of n~alkanes. Thus, the biomarker composition is clearly 
inconsistent with the thermal history of the host rock. 
In contrast, the thermal maturity of methyldiamondoids and aromatic hydrocarbons is 
very high. The methyladamantane index (MAl= 89%) and methyldiamantane index 
(MDI= 61 %) (Table 3~3) are close to their thermodynamic endpoints indicating a 
maturity within the wet-gas zone or higher (Table 3-5). Moreover, the strong 
predominance of unsubstituted over alkylated PAH is typical of pyrolytic conditions 
(Chapter 6) and methylphenanthrene ratios of MPI-1 = 0.11 (inversed) and MPR = 
2.00 (Table 3-3) correspond to a reflectance Rc > 3% (Boreham e~ a/., 1988), 
consistent with a thermal maturity in the gas-generation zone. Thus, the thermal 
maturity of the aromatic fraction and of diamondoids indicates metamorphic 
conditions similar to those afflicting the Hamersley Group. 
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Figure 8-1. Hydrocarbons from sample Duel, Duck Creek Dolomite, Wyloo Group. (A) Gas 
chromatogram of the saturated hydrocarbon fraction and (B) GC-MS sm. of the aromatic fraction. 
Recorded ions are rn/z = 128, 142, 154, 156, 166, 168, 170, 178, 180, 184, 192, 202, 204, 206, 244. 
'-' =Internal standard. Compound abbreviations are defmed in Appendix IV. 
Sample integrity and interpretation 
The composition of the extract is most readily explained by indigenous, thermally 
highly mature bitumen being contaminated by immature biomarkers and subordinate 
levels of even-numbered n-alkcines. Syngeneity of the aromatic fraction, the 
diamondoids and the bulk of aliphatic hydrocarbons is supported by a comparison 
with the late Archean bitumens from the iron ore deposits at Mt Tom Price and Mt 
Whaleback. Like the Duck Creek Dolomite, these bitumens have very high relative 
concentrations of unsubstituted aromatic hydrocarbons, high relative concentrations 
of aromatic heterocycles, high methyldiamondoid indices and condensate-like 
n-alkane profiles. Such a composition is possibly the result of organic matter 
alteration by hydrothermal fluids or oxidizing brines (Chapter 6). Hence, organic 
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geochemical analysis of new samples from the Amphitheater gold mine could 
provide insights into the causes and consequences of bitumen alteration associated 
mineralization. 
8.2. Extractable hydrocarbons from the Mt Roe Formation, lower 
Fortescue Group (2.78Ga) 
Bulk characteristics and bitumen composition 
Four mudstones (TQPJ to 4) and a basalt (TQP5) from the basal Mt Roe Formation 
from a disused pit at the Tassie Queen Gold Mine near Marble Bar were analyzed for 
preserved extractable hydrocarbons. The Fortescue Group at Marble Bar was 
regionally metamorphosed to prehnite-pumpellyite facies and represents perhaps the 
lowest-grade material in the sample set studied here (Table 2-2). The kerogen content 
of all samples is very low (TOC = 0.0 to 0.6%) and extract yields did not exceed 
3ppm (Table 3-1). Then-alkane proftle in TQPJ to 3 ranges from n-C13 to n-C36 with 
maxima at n-C16 or n-C11 (Fig. 8-2). The average molecular mass of alkanes in TQP4 
and 5 is shifted to higher values and extract yields are lower, probably caused by 
evaporative loss. n-Alkanes show a slight odd-over-even predominance in the range 
n-C26 to n-C34. A reliable interpretation of sterane and hopane ratios is not possible as 
biomarker concentrations are below lng per gram of rock and many extract/blank 
ratios are below 20 (Table 8-2). Aromatic steroids and diamondoids were below 
detection limit. The aromatic fractions predominantly consist of alkylated aromatic 
hydrocarbons with up to three rings, similar to bitumens from the Fortescue Group in 
drillcore WRL-1 (Fig. 5-lA, Table 3-3). 
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Figure 8-2. Gas chromatograms of the saturated hydrocarbon fraction of extracts from the Mt Roe 
Formation, lower Fortescue Group, and stratigraphic column of the Tassie Queen Gold Mine near 
Marble Bar. Chromatograms are identified by sample name, kerogen content and saturated 
' 
hydrocarbon yields (lppm = l!J.g hydrocarbOQS per gram of rock). The chromatograms are not to 
scale. ' - ' Indicates the internal standard. 
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Table 8-2. Extract/blank ratiosa for representative biomarkers from the Mt Roe Formation. 
Hopanes Steranes 
Tsb c29·af3 C2T~a-20s C2s -aaa-20S C29 -a~~- 20S+R 
TQPl 41 25 30 30 34 
TQP2 29 17 27 22 25 
TQP3 16 11 26 16 17 
TQP4 10 8 8 10 12 
TQP5* 9 7 
- 8 9 9 
a) (compound A in rock extract]/[ compound A in procedural blank). b) Compound abbreviations are 
defined in Appendix IV. *=Kerogen-free blank sample. 
The carbon isotopic compositions of kerogens and alkanes for TQP 1 and 3 are 
summarized in Table 3-4. n-Alkanes have o13C values between -26.5 and -29%o and 
are ~10%o heavier than the kerogen. Pristane and phytane are depleted in 13C by 1.5 
to 2.5%o relative to n-C17 and n-Cts . 
Thermal maturity 
An assessment of thermal maturity without biomarker and diamondoid data is 
difficult. The aromatic hydrocarbon composition is generally similar to bitumens 
from the Fortescue and Hamersley Groups from drillcore WRL-1 but does not 
provide a reliable estimate of maturity. However, the presence of high molecular 
weight n-alkanes and especially their odd-over-even predominance (see 
magnification for TQP3 in Fig. 8-2) indicate a low maturity, inconsistent with the 
thermal history of the host rock. 
Sample integrity and interpretation 
The only available indicator pointing to a possible Precambrian age is the isotopic 
depletion of acyclic isoprenoids relative to n-alkanes. The higher molecular weight 
n-alkanes have the typical distribution of organic matter derived from plant-wax and 
are probably non-indigenous. However, the composition of other saturated 
hydrocarbons and of aromatic compounds is similar to bitumens from the Fortescue 
Group at Wittenoom (Chapter 3). As the regional metamorphic grade near Marble 
Bar is similar to or lower than the Wittenoom area (Fig. 2-1, Table 2-2), some of the 
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hydrocarbons in the TQP samples could possibly be indigenous. However, freshly 
collected material from drillcore is required to confirm this interpretation. 
8.3. Extractable hydrocarbons from the early Archean Paddy 
Market Formation, Gorge Creek Group (-3.2Ga) 
.. 
Bulk characteristics 
Four moderately kerogenous mudstones (0.4 to 1.6% TOC) and two kerogen-free 
sandstones from the early Archean Paddy Market Formation, Gorge Creek Group, 
were analyzed for extractable hydrocarbons. All samples were collected from 
diamond drillcore SSD-51 in the Sulphur Springs area (Fig. 2.1). The metamorphic 
grade of the predominantly sedimentary Gorge Creek Group is poorly defined but 
evidently below greenschist facies (Table 2-2) as underlying volcanics show 
prehnite-pumpellyite metamorphism (Buick et al., submitted). Hydrocarbons in 
solvent extracts of the sandstones were below detection limit but the mudstones 
yielded 6 to 15ppm saturated hydrocarbons and 0.8 to 1.7ppm aromatics (Table 3-1). 
Bitumen composition 
The alkane profiles and biomarker ratios of Cor2 to 5 are very similar (Fig. 8-3, 
Table 3-2). n-Alkanes range from n-C13 to n-C22 with a maximum at n-C16, a 
composition generally similar to a gas-condensate after evaporative loss of light 
hydrocarbons. The acyclic isoprenoids pristar!e and phytane, and monomethylalkanes 
are relatively abundant. Extract/blank ratios for steranes and hopanes are 
significantly greater than 20, indicating that sterane and hopane ratios are unaffected 
by laboratory background noise (Table 8-3). The biomarker abundances and ratios 
I 
are generally comparable to samples from the Fortescue and Hamersley Groups with 
similar hopane and sterane homologue and isomer ratios, high 2a-methylhopane 
indices (> 10%), and an apparent absence ofplant-derived biomarkers (Table 3-1 and 
3-2). The only major difference in the Paddy Market Formation appears to be the 
predominance of stigmastanes (C29) over cholestanes (C27). The aromatic fraction is 
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n-C17. 
Pr 
Ph 
10 20 30 40 min 
Figure 8-3. Gas chromatogram of saturated hydrocarbons of sample Cor4, Paddy Market Formation, 
Gorge Creek Group from the Sulphur Springs area. '-'Indicates the internal standard. 
also similar to samples from the Fortescue Group, containing mainly alkylated two-
to three-ring aromatics (Table 3-3). 
Carbon isotopes of kerogens and individual aliphatic hydrocarbons are summarized 
in Table 3-4. The isotopic composition of the kerogens with 813C = -30.5%o is typical 
of early Archean organic matter (Hayes et a!., 1983) and n-alkanes with -26.5 to 
-30%o are only slightly enriched relative to the kerogen. The acyclic .isoprenoids 
pristane (Pr) and phytane (Ph) are depleted in 13C by ~1 to 3%o relative to n-C17-and 
n-Cts, receptively. The isotopic order 813Ckerogen < 813Cn-alkanes < 813CPr,Ph is typical for 
' 
all late Archean bitumens studied here (Fig 4-6). 
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Table 8M3. Extract/blank ratiosa for representative biomarkers from. the Paddy Market Formation. 
Hopanes Steranes 
Tsb C19Ma~ C1r~a-:ZOS Cza Maaa-20S Cu -a~~ 20S+R 
Cor3 33 39 120 39 52 
Cor4 160 190 360 190 300 
CorS 41 51 150 78 90 
Cor6* 3 4 6 2 7 
Corl* 5 7 • 8 4 7 
Cor2 37 53 170 54 73 
a) [compound A in rock extract]/[compound A in procedural blank]. b) Compound abbreviations are 
defmed in Appendix IV.*= Kerogen-free blank samples. 
Thermal maturity 
Aromatic steroids and diamondoids were not detected in the extracts from the Paddy 
Market Formation and a reliable assessment of thermal maturity is thus not possible. 
However, the general similarity of the alkane profiles, biomarker parameters and 
aromatic ratios to those of the late Archean bitumens from the Fortescue Group 
(Chapter 3) suggests that the thermal history of the hydrocarbons might have been 
similar. 
Sample integrity and interpretation 
The high 2a-methylhopane indices, the absence of Phanerozoic biomarkers and the 
inversed isotopic relationship between acyclic isoprenoids and n-alkanes apparently 
indicate that the hydrocarbons in the Paddy Market Formation are Precambrian 
(Chapter 3). However, without reliable maturity data and a larger set of early 
Archean samples, it is not possible to unequivocally determine whether the 
hydrocarbons are anthropogenic contaminations, migrated oil from a younger 
Archean unit, or bitumen syngenetic with the host rock. 
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9. Synthesis and outlook 
Microfossils, stromatolites and stable (C, S) isotopes all demonstrate that microbial 
organisms must have existed in the Archean. However, these lines of evidence 
contain little information about the phylogenetic position of these ancient microbes. 
A more detailed insight into Archean microbial diversity can potentially be obtained 
from molecular fossils. It was therefore the aim of this work to extract fossil 
·hydrocarbons from Archean sedimentary rocks and to elucidate their syngeneity. It 
was hypothesized that hydrocarbon molecules derived from biological lipids might 
still be preserved, potentially yielding data pertinent to the early evolution of 
biodiversity, metabolism and environments. 
The introduction to this thesis contains a short review about the history of 
Precambrian organic geochemistry. The enthusiastic reports in the 1960s and 70s 
about discoveries of molecular fossils in Archean rocks stopped when the extent of 
the problems associated with organic trace analysis became apparent. It was 
recognized that anthropogenic petroleum products are ubiquitous in the environment 
and difficult to distinguish from indigenous bitumen. Worse, it proved to be almost 
impossible to recognize oil that migrated from a younger source into the older 
Archean rocks. Most importantly, however, it was doubted that complex 
hydrocarbon molecules could survive the metamorphic temperatures experienced by 
all Archean terrains. Today, with enhanced knowledge of petrol~um chemistry, 
greatly refined analytical techniques and the discovery of exceptionally well 
preserved Archean rocks, it is worthwhile rekindling the search for the oldest 
biogenic molecules on Earth. 
This study has concentrated on the best~preserved Archean rocks known today. 
Samples came from the 2.78 to 2.45Ga Fortescue and Hamersley Groups from the 
Pilbara Craton, Western Australia, and were collected from ten drillcores and three 
mines in a sampling area ranging from Wittenoom in the center of the Hamersley 
Basin as far as 200km to the southeast, 1 OOkm to the southwest and 70km to the 
northwest. The terrain has, in places, been regionally metamorphosed to grades as 
low as prehnite-pumpellyite facies, corresponding to temperatures between 200°C 
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and 300°C. Commercial petroleum fields with preserved C1s+ hydrocarbons exist at 
present day temperatures of up to 21 ooc and optimistic kinetic models predict that 
preservation of higher hydrocarbons might be possible at 250°C over geological 
periods of time. The existence of fossil hydrocarbons in these Archean rocks is 
therefore not impossible. 
Solvent extraction of kerogen"rich Archean shales commonly yielded 1 to 20ppm 
saturated hydrocarbons and in some cases 100 to I OOOppm. Aromatic hydrocarbon 
yields ranged from <1 to 30ppm. Analysis of the solvent extracts by GC-MS and 
GC-MS MRM revealed the presence of molecules including ·n"alkanes with a 
condensate-like distribution, mid" and end-branched monomethylalkanes, (1}-
cyclohexylalkanes, acyclic isoprenoids, diamondoids, tri- to pentacyclic terpanes, 
steranes, aromatic steroids and unsubstituted and alkylated polyaromatic 
hydrocarbons. Plant biomarkers and other hydrocarbons indicative of Phanerozoic 
contaminations were not detected. The host kerogens of the hydrocarbons were 
depleted in 13C by 2 to 21%o vs PDB relative to n-alkanes, a pattern typical of, 
although more extreme than, other Precambrian samples. Also rarely observed in the 
Phanerozoic. but characteristic of many other Precambrian bitumens is the carbon 
isotopic depletion of acyclic isoprenoids relative to n"alkanes, and very high relative 
concentrations of 2a.-methylhopanes. Molecular\ parameters, including sterane and 
hopane ratios at their apparent thermal maxima, condensate" like alkane profiles, 
extremely high mono- and triaromatic steroid maturity parameters, very high methyl" 
adamantane and methyldiamantane indices and very high methylphenanthrene 
maturity ratios, indicate thermal maturities in the wet"gas generation zone. Extracts 
from shales associated with iron ore deposits at Tom Price and Newman also have 
polyaromatic hydrocarbon patterns consistent with pyrolytic dealkylation. 
Evidence for syngeneity 
To elucidate the provenance of the molecules, three principal sources of 
contamination were considered: (1) molecules carried into samples during laboratory 
procedures, (2) petroleum products of anthropogenic origin introduced during 
drilling, storage and handling, and (3) oil from younger source rocks that might have 
migrated into the Archean terrain. The first contamination source is easily 
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discounted. Procedural blanks indicate that hydrocarbon concentrations obtained by 
rock extraction are several orders of magnitude higher than the laboratory 
background level. Moreover, comparison of extract yields from kerogen-rich rocks 
and kerogen-poor control samples from the same location indicate that the 
hydrocarbons were not introduced by sample collection and processing. 
Arguments against contamination by anthropogenic petroleum products include the 
' 
extreme thermal maturity of samples from almost all locations, the absence of 
biomarkers indicative of younger contamination, the inversion of the carbon isotopic 
relationship between n-alkanes and acyclic isoprenoids, which is-a feature typically 
also found in other Precambrian samples, and the very high relative concentrations of 
2a-methylhopanes, also a common Precambrian phenomenon. Significantly, the 
overmature bitumens with Precambrian characteristics were discovered in samples 
from eight different diamond drillcores from depths of 50 to 1800m, drilled by 
several companies and stored at three different locations several hundred kilometers 
apart. Also, the rocks were collected independently over several years by different 
workers and analyzed in two different laboratories. 
Adulteration by younger Precambrian oil that migrated into the Archean host rocks 
can also be excluded. Younger source rocks were never deposited over the top of the 
Hamersley Basin in sufficient thickness for significant hydrocarbon expulsion to 
occur. Therefore, younger oil would have to migrate from the nearest post-Archean 
basin at least 150km through deformed and metamorphosed terrain devoid of cross-
cutting craton-wide fractures. Moreover, permeability measurements indicate that the 
Archean host rocks were probably sealed to hydrocarbon migration since they were 
last metamorphosed in the Paleoproterozoic. Hence, homogeneous migration of 
younger oil into Archean shales up to 1800m deep over a wide geographic area of the 
Hamersley Basin seems exceedingly unlikely. A very strong additional argument for 
syngeneity is delivered by hydropyrolysis experiments on kerogen is0lated from 
shales collected in the iron ore deposit at Mt Tom Price. The degradation of the 
kerogen yielded aromatic hydrocarbons with molecular and isotopic compositions 
very similar to the aromatic hydrocarbons in the bitumen. Moreover, both the 
composition of the bitumen and the pyrolysate are characteristic of hydrothermal 
alteration, consistent with independent evidence suggesting that iron ore 
mineralization at Mt Tom Price was driven by supercritical fluids. These pyrolysis 
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experiments therefore clearly show that at least the aromatic fraction of bitumen 
from Mt Tom Price is syngenetic with the host rock. 
On the other hand, characteristics that are more easily explained by contamination, 
but not necessarily inconsistent with syngeneity, include the carbon isotopic disparity 
between bitumen and kerogen, the similarity of the biomarker patterns to many 
Paleoproterozoic to Phanerozoic bitumens, the apparently lower thermal maturity 
indicated by some maturity parameters in some samples, and, most significantly, a 
strongly inhomogeneous distribution of bitumen in shales possibly caused by 
surficial staining and differential chromatographic migration of the contaminants into 
the rock. However, it seems unlikely that samples from eight drillcores 
independently drilled, separately stored, separately collected and most carefully 
analyzed, were all contaminated with the same overmature petroleum products with a 
typical Precambrian composition. No such contamination sources are currently 
known, nor can they easily be envisioned. 
Hence, arguments for syngeneity apparently outweigh the objections. Therefore, the 
saturated hydrocarbons and biomarkers in bitumens from the Fortescue and 
Hamersley Groups are characterized as probably syngenetic with the Archean host 
rock. Based on the hydropyrolysis experiments and the hydrothermal signatures, 
aromatic hydrocarbons from the Hamersley Group at Mt Tom Price and Mt 
Whaleback are characterized as certainly syngenetic. These molecules from the 
Pilbara Craton are therefore 0.8 to l.OGa older than the previously oldest known 
clearly indigenous bitumen from the McArthur Group, Northern Territory. 
Implications for organic geochemistry in general 
(1) If the saturated hydrocarbons and biomarkers are indeed syngenetic with the 
Archean host rocks, then low-grade metasediments become generally amenable 
to study, greatly extending the range of potential targets for organic geochemical 
investigation. Interesting targets are, for example, deep subsurface strata as 
potential source rocks for petroleum, as previously suggested by Price (1999), 
low-grade meta-ophiolites for information about the organic biogeochemistry of 
ancient deep ocean environments, exceptionally well preserved sediments from 
the late Archean and early -Paleoproterozoic of South Africa and, possibly, early 
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Archean rocks from the Pilbara Craton, such as the well-preserved 3.2Ga Gorge 
Creek Group rocks that were subject to preliminary analysis in Chapter 8. 
(2) Contamination of geological samples with bitumen-like hydrocarbons IS 
probably a greater problem than currently acknowledged. For example, 
apparently immature biomarkers were detected in traces in most kerogen-free 
control samples analyzed in this study, and petroleum products possibly derived 
from diesel fuel exhausts were discovered on sample trays in core sheds. 
Moreover, contamination-simulation experiments reveal that liquid petroleum 
products penetrate centimeters into apparently compact shales_in several hours or 
days. This has important implications for trace analysis in organic geochemistry 
in general. Trimming of rock samples or cleaning and rinsing of outer surfaces 
might not remove all contaminations that could have entered even apparently 
impermeable samples during drilling or cutting. Such contaminations might only 
become apparent by measuring concentration gradients in rock samples as 
discussed in Chapter 7. Therefore, if possible, trace analysis is best performed on 
freshly drilled core that was collected under controlled conditions. 
(3) The analysis of traces of hydrocarbons generated by the degradation of mature 
kerogens requires that residual bitumen is quantitatively removed. However, 
thermal desorption experiments revealed that even exhaustively pre-extracted 
kerogens might still contain high concentrations of adsorbed hydrocarbons 
(Chapter 6). This might have implications on the interpretation of previously 
reported pyrolysis results, especially from overmature Precambrian kerogens. 
( 4) An observation that might require more consideration in bitumen analyses is the 
'live-oil effect'. The loss of gas and bitumen from drillcore samples by pressure 
release might not only have a significant impact on hydrocarbon yields (Price, 
1999) but could potentially change bitumen compositions and biomarker ratios. 
For Archean samples and other gas-condensates, immediate collection of new 
drillcore material in clean pressure vessels would facilitate quantitative recovery 
of volatiles and eliminate the cont~ination problem. 
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Implications for the study of mechanisms of iron ore mineralization in the 
Hamersley Province 
The bitumens in late Archean to earliest Paleoproterozoic shales from the two 
biggest iron ore deposits in the Hamersley Province, Mt Tom Price and Mt 
Whaleback, have unusual compositions. The main constituents are naphthalene, 
biphenyl, dibenzothiophene and phenanthrene while higher P AH and alkylated 
homologues are scarce. Large variations iii the composition of the bitumen between 
different samples within the iron ore deposits, the condensate-like appearance of the 
saturated hydrocarbon fraction and the high ratios of unsubstituted ·versus alkylated 
aromatic hydrocarbons were probably caused by hydrothermal fluids or oxidizing 
brines overprinted by regional low-grade metamorphism. Therefore, the composition 
and distribution of bitumen in the mines might give information about fluid flow, 
fluid temperature and redox conditions. A systematic study of freshly exposed shale 
and cores drilled under controlled conditions might then help to distinguish between 
hypogene and supergene models of ore formation. 
Implications for knowledge about life in the Archean 
Accepting the s.yngeneity for the biomarkers, they bring unprecedented clarity to our 
understanding of Archean biodiversity and ecology. The late Archean sedimentary 
rocks that yielded biomarkers were deposited in marine environments below storm 
wave base under anoxic conditions. The presence of hopanes in these sediments 
confirms the antiquity of the domain Bacteria and the high relative concentrations of 
2a.-methylhopanes indicate that cyanobacteria were important primary producers. 
Oxygenic photosynthesis therefore evolved more than 2. 7Ga ago, well before 
independent evidence suggests significant levels of oxygen accumulated in the 
atmosphere (Kasting, 1993). Also, the presence of cyanobacteria, a relatively derived 
clade of photosynthesizers, implies that heliobacteria, purple bacteria, green sulfur 
bacteria and green non-sulfur bacteria might have evolved earlier in the Archean. 
Moreover, the abundance of cyanobacterial biomarkers in shales interbedded with 
oxide-facies banded iron formations (BIF) indicates that although some Archean BIF 
might have been formed by abiotic photochemical processes or anoxygenic 
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phototrophic bacteria, those in the Hamersley Group fanned as a direct consequence 
of biogenic oxygen production. 
Biomarkers of the 3 ~-methylhopane series suggest that microaerophilic heterotrophic 
bacteria, probably methanotrophs and/or methylotrophs, were active in late Archean 
marine environments. The presence of steranes with a wide range of structures in 
relative abundances like those from late Paleoproterozoic to Phanerozoic sediments 
provides convincing evidence for the existence of eukaryotes in the late Archean, 
-600Ma before microfossil evidence indicates that the lineage arose. Sterol 
biosynthesis in extant eukaryotes requires molecular oxygen .. The presence of 
steranes together with biomarkers of oxygenic photosynthetic cyanobacteria suggests 
that the concentration of dissolved oxygen in the upper water column was equivalent 
to at least -1% PAL. Thus, oxygen concentrations in Archean surface waters should 
have been high enough to support aerobic respiration. 
Prospects for future research 
The initial focus of further work should be to confinn the Archean age of the 
biomarkers. If the results stand, then analysis and comparison of biomarkers in rocks 
from different Archean environments, such as shallow versus deep marine, lakes 
versus rivers, clastic versus carbonate settings, will offer new insights into early life 
on Earth. Moreover, it might be possible to discover molecular fossils in rocks of still 
greater age. A continuous organic geochemical record from the Archean to the 
terminal Proterozoic combined with paleontological and paleo-environmental data 
could provide new insights about the causes of the oxygenation of Earth's 
atmosphere around 2.0Ga, the probably devastating consequences of this 
oxygenation event on the biosphere, the radiation of eukaryotes in its aftennath and 
the appearance of an ~lmost modem world at the close of the Proterozoic. 
237 
Appendices 
10. Appendix 1: Guidelines for sample collection ......................................... 239 
11. Appendix II: Experimental ·············.:························································ 241 
11.1. SOLVENTS AND MATERIALS ........ .... .. ............ ..... ............ ..... .... ............. .... . ........ .. .... .... . .......... 241 
11.2. SAMPLE PREPARATI()N ................. ......... ............... ............... . .. .... ................. ................. ........ .. 242 
11.3. BULKANALYSES ............... .............. .......................... .... .. ........... .. ............... : .. ............... .. ....... 245 
11.4. MOLECULAR ANALYSES .... ................. ........... ... ............ ...... .. . .. ......... ...... ............. .... .. ......... .. . 246 
11.5. CoMPOUND IDENTIFICATION AND QUANTIFICATION ...................... , .. ......... .. ................. .. ....... 249 
12. Appendix III: References .......................................................................... 252 
13. Appendix IV: Compound abbreviations 
238 
10. Appendix 1: Guidelines for sample collection 
The best samples for organic geochemical trace analysis have high kerogen contents, 
have suffered minimal thermal stress and are compact, impermeable and 
unweathered. However, during sampling it .is also useful to collect strategic sets of 
other rocks that can be used to construct arguments for syngeneity and to secure 
information about storage conditions and potential contamination sources. 
The collection of a suite of kerogenous samples from various lithologies and from 
different depositional depths opens the way to correlate bitumen composition with 
thermal maturity and depositional environment, and hence to establish syngeneity. 
Similarly, sedimentary rocks collected at increasing distances from volcanic 
intrusions can be used to determine gradients of bitumen thermal maturity. Five to 
ten shale samples covering 0 to 200% of dike or sill thickness are recommended. The 
collection of volcanic and other kerogen-free rocks ('blank samples'), along with 
kerogen-rich samples from the same drillcore allows the assessment of background 
contamination. Contamination caused by drilling additives can also be quantified by 
collecting complementary drill core and surface (outcrop and mine) samples. 
Potentially, the most powerful technique for recognizing contaminants is the 
measurement of hydrocarbon concentration gradients between the surfaces of rocks 
and their interior using the slice-extraction technique (Chapter 7). The preparation of 
millimeter-thick rock slices for these experiments requires the collection of compact 
shales free of discernible cracks and fissures of at least 4cm2 volume. Whole and 
partial core samples should also be analyzed to determine the origin and sequence of 
any contamination detected in slice experiments. 
To recognize recent contaminants and to track down their source, it is l}ecessary to 
assess the storage conditions of the collected san1ples. For the detection of airborne 
contaminants it is helpful to note the orientation of a drillcore sample within the tray 
and to mark the surfaces with pencil which were freshly exposed by cutting. 
Comparison of hydrocarbons on older and more recently exposed surfaces can then 
give information about the contamination background. In the present study, it also 
proved useful to collect and analyze cutting fluids from rock-saws and dust from 
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sample trays. It is best to wrap freshly collected and unhandled rock samples in 
precombusted aluminum foil, then in a linen bag and then a plastic bag. Direct 
contact of samples with plastic bags introduces plasticisers, while storage in linen 
bags only exposes samples to exhausts and spilled liquids. 
'· 
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11. Appendix II: Experimental 
11.1. Solvents and materials 
Solvents 
n-Hexane (Waters; LC-grade) was distilled ·twice and methanol (BDH; HiperSolv) 
distilled once prior to use. Dichloromethane (DCM) (Mallinckrodt; UltirnaAR;) was 
used without further purification. All solvents were tested for purity by concentrating 
lOOm! to O.lml on a rotoevaporator and analyzing by GC-FID as described below. 
Internal standards 
Used as internal standards were aC22 (3-methylheneicosane, 99+% purity; ULTRA 
Scientific), Dt4 (dwpara-terphenyl, 98 atom-% deuterium; Aldrich Chern. Co.) and 
D4 (c4-C29-aaa.-ethylcholestane; Chiron Laboratories AS). 
Gases 
Nitrogen used to reduce solvents in a gas-stream was generated by evaporation of 
liquid nitrogen. The gas was dried over drierite0 (Alltech) and purified using a 
hydrocarbon absorbing molecular sieve (5 angstrom; Alltech). 
Materials 
Glass wool and aluminum foil were combusted at 400°C for 16h and quartz sand at 
. 900°C for 24h. Glassware was cleaned with Extran AP 11 (Merck), rinsed twice with 
distilled water and annealed at 350°C to 450°C in a ventilated oven for 1'6h. Round 
bottom flasks and vials were additionally rinsed twice with DCM prior to use. Septa 
for sample-vials (red TFE/silicone; Alltech) were rinsed with DCM twice. Rock-
mills, hammers, tweezers and spatulas used to prepare rock samples were cleaned 
with hot tap water and then rinsed with distilled water, methanol and DCM. Rock 
mills were additionally cleaned by grinding annealed quartz sand two to three times 
for 60 seconds. 
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Sample storage 
Clean rock samples and rock powder were stored in closed glass containers with 
aluminum foil lined tops. Rock extracts were stored in DCM or n-hexane at 4°C in 
the dark in 2ml screw-top vials capped with a Teflon liner (red TFE/silicone; 
All tech) and fitted with a I OOJ.1l glass-insert .. 
11.2. Sample preparation 
Samples were processed in batches of six, commonly including one kerogen-free 
sample ('blank-rock') and one procedural blank. To control and reduce the impact of 
cross-contamination, all steps from sample cleaning, rock crushing to extraction and 
fractionation were performed in the same sample order, starting with the kerogen-
poorest rock and ending with the kerogen-richest sample. The procedural blank was 
processed between the second to fifth sample. 
Cleaning of Rock Samples 
Dust was removed from rock samples by rinsing with water and ultrasonication in 
distilled water for ~ 10 seconds. The first sets of samples were further cleaned by 
' outside-rinse experiments', a technique that was later abandoned in favor of the 
more elaborate slice-extraction experiments described in Chapter 7. 
Outside-rinse experiments 
Meinschein (1965) and Smith eta/. (1970) first suggested the sequential ~xtraction of 
rock fragments to obtain information about the distribution of hydrocarbons in 
geological samples. Using this methodology, samples in the present study underwent 
a series of two to four solvent rinses. After each step, the solvent was analyzed by 
GC-FID or GC-MS. Intact samples were first rinsed under 15 to 25ml flowing DCM 
and then manually broken into 10 to 30mm fragments to expose new bedding 
surfaces and cracks. The fragments were covered with DCM and ultrasonicated for 
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60 seconds. The samples were further split to yield 5 to 1 Omm fragments and again 
rinsed as above. Figure II-1 shows two typical examples of outside-rinse 
experiments. Samples with low kerogen content commonly yielded mainly 
plasticiser and lipids derived from fingerprints, which decreased with further rinsing 
steps (Fig. Il-IA). Kerogen-rich samples also mainly yielded plasticiser and biolipids 
in decreasing concentrations. However, in the kerogen-rich samples bitUminous 
hydrocarbons increased in concentration with decreasing size of the rock fragments 
(Fig. II-IB). 
Outside-rinse experiments can be used to detect predominantly surficial 
contaminants. However, surficial molecules might diffuse into the pore space and 
could be absorbed and adsorbed by the kerogen .matrix. Moreover, contaminants that 
remain surficial over extended periods are prone to evaporation and biodegradation 
and might disappear. In these cases, outside-rinse experiments might not give 
unequivocal information about contamination. 
Preparation of Rock Powder 
Rock was hammered to <5mm chips on an epoxy resin board (Durcon) covered with 
aluminum foil. The rock chips were ground to <200 mesh grain size with a Rocklabs 
crusher in a ring or puck-mill for 30 to 90 seconds. The mills were cleaned between 
samples with hot water, distilled water and by grinding armea1ed quartz sand two to 
three times for 60 seconds. Rock powder was transferred into glass beakers covered 
with aluminum foil. 
Solvent extraction procedures 
25 to 150g of rock powder were extracted for 72h with 350ml DCM in a Soxhlet 
apparatus fitted with a 43mm x 123mm annealed glass microfibre thimble 
(Whatman). Samples <25 g were placed in glass containers covered with aluminum 
foil and ultrasonicated in 20ml DCM f~r 1 Omin, then five times in 1 Oml DCM for 3 
minutes. Combined extracts were reduced to 1 Oml in a clean rotary evaporator at 
600mbar and further reduced to 4ml under a stream of nitrogen gas. The concentrate 
was then centrifuged for 5 minutes at 2000rpm in a closed 4ml vial to remove 
suspended rock powder and kerogen. Then ~2~g of internal standard aC22 were 
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Figure Il-l. Scaled gas-chromatograms of outside-rinse experiments of two samples from drillcore 
WRL-1. (A) A kerogen-free sample from the Maddina Basalt, Fortescue Group (Madl). Rock 
fragment size for the first rinse was -3cm and for the second .....().Scm. (B) A black shale from the 
Jeerinah Formation, Fortescue Group (Roy9). The whole unbroken sample was rinsed for 'outside-
rinse 1'. Rock fragment size for the second rinse was -lcm. 'Total extract' refers to DCM soxhlet-
extract of rock powder. 
added for quantification of saturated hydrocarbons. 20% of the extract was removed 
and further reduced to lOO).ll for analysis as EOM (unfractionated 'extracted organic 
matter'). The solvent of the remaining extract was reduced to 50J.Ll and ~ubjected to 
colunm chromatographic separation (fractionation). 
Bitumen fractionation 
The rock extracts were separated into saturated, aromatic and polar fractions by 
liquid chromatography on glass columns (6mm i.d.) dry-packed with 1.4g silica gel. 
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Silica gel (Silica Gel 60; grain size 0.063 to 0.200 mm; Merck) was heated at 400°C 
for 24h and deactivated with 2% distilled, n-hexane-extracted water. The extracts in 
50J.Ll DCM were transferred to the top of the column in fractions of five times 1 OJ.Ll 
and dried at room temperature between each transferal. Saturated hydrocarbons were 
eluted with n-hexane (4ml), aromatic hydrocarbons with n-hexane:DCM (1: 1 v/v, 
4ml) and polars with 4ml DCM:methanol (1:1 v/v, 4ml). The solvents were reduced 
to 1 OOJ.Ll in a stream of nitrogen. SOng of the internal standard D4 were added to the 
saturated fraction for quantification of polycyclic biomarkers. 
Removal of elemental sulfur from rock extracts 
When the presence of sulfur was detected visually during solvent reduction, the 
saturated fraction was passed through a column of freshly precipitated elemental 
copper. The activated copper was precipitated out of a solution of 45g CuS04 
(analytical grade; APS Finechem) in 500ml distilled water and 20ml ION HCl by 
adding 15g elemental zinc powder under stirring (analytical grade; BDH Chemicals). 
The solution was decanted and the copper washed to neutrality. The copper powder 
was stored in ice blocks until required. A glass column (6mrn i.d.) was loaded with 
the copper powder to a height of ~20mm. Water was removed by repeated washing 
with methanol and the copper further cleaned with 12ml DCM and 12ml n-hexane. 
The saturated fraction of the bitumen was placed on the column in 1 OOJ.Ll n-hexane 
and eluted with 4ml n-hexane. To monitor the level of background contamination 
carried into the sample during this procedure, a procedural blank was performed in 
parallel to each copper column. 
11.3. Bulk analyses 
Total organic carbon (TOC) and ROCK-EVAL 
200mg solvent-extracted rock powder were digested with hydrochloric acid and the 
kerogen content (~TOC) determined on a LECO DC12 Carbon Detenninator or a 
VINCI ROCK-EVAL 6 instrument. ROCK-EVAL parameters Tmax and HI were 
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determined on acid-digested and pre-extracted rock powder (Espitalie et a/., 1977) on 
a VINCI Rock-Eval 6. 
Kerogen isotopes 
The stable carbon isotopic composition of kerogen was determined according to 
procedures based on Sofer (1980). Kerogen of solvent-extracted acidified rock 
powder was converted to carbon dioxide by oxidation with CuO at 900°C in sealed 
quartz tubes. Silicate-rich rock powder was wrapped inside copp~r foil to prevent 
fusion with quartz tubes (Sandison technique) or the kerogen was concentrated by 
HCl/HF digestion. Carbon dioxide was purified by cryogenic gas distillation and 
carbon isotopic compositions (813C) were determined on a Finnigan MAT 252 
isotope-ratio mass spectrometer. 813C values are reported relative to the Pee Dee 
Belemnite standard (PDB) in the per mil (%o) notation. 
XRD-analysis 
Mineral compositions of rock powder were determined by XRD on a Siemens D50 1 
diffractometer. Data was analyzed using SIROQUANT for Windows 2.0 (CSIRO 
Australia and Sietronics). 
11.4. Molecular analyses 
Gas chromatography (GC) 
GC analyses of saturated and aromatic hydrocarbons were performed using a Hewlett 
Packard HP6890 gas chromatograph fitted with a flame ionization detector (FID) and 
a HP Ultral column (25m x 0.25mm i.d., 0.33J.UU film thickness). Samples were 
injected manually in splitless mode. The oven was programmed at 40°C for 2min, 
heated to 310°C at 4°C/min, with a fma1 hold time of 15min. The carrier gas was 
hydrogen. Data were collected and processed using the HP-GC-ChemStation 
software package Rev.A.04.01 (Hewlett-Packard). 
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Gas chromatography-mass spectroscopy (GC-MS) 
GC-MS analyses of hydrocarbons in the full-scan mode or by selected ion recording 
(SIR) were carried out on a VG AutoSpecQ (Fisons Instrwnents) or a Hewlett 
Packard 5973 Mass Selective Detector· (MSD). Recorded ions are listed in 
Appendix IV. 
The VG AutoSpecQ was equipped with a GC 8000 Series gas chromatograph 
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(Fisons Instruments). Samples were injected in splitless mode or on-column either 
manually or using a CTC-A200 Sampler (Fisons Instruments). Capillary columns for 
gas chromatography were coated with DB-5 (60m x 0.25mm· i.d., 0.25~ fihn 
thickness). The GC oven was programmed at 60°C for 2min, heated to 310°C at 
4°C/min, with a final hold time of 25min. The carrier gas was hydrogen (17kPa 
constant pressure) from a 75-33 Hydrogen Generator (Balston). The source was 
operated in EI-mode at 250°C and 70eV ionization energy. The scan-rate in full-scan 
mode was 0.40sec/decade over a mass range of 50 to 500 daltons and a delay of 
0.20sec/decade. Aromatic hydrocarbons were analyzed by selected ion recording 
(SIR). Data were acquired and processed using OPUS V3.6X (Fisons Instruments). 
The HP 5973 MSD was equipped with a HP6890 gas chromatograph (Hewlett 
Packard). Samples were injected in pulsed splitless mode using a 7683 Series 
Injector (Hewlett Packard). Capillary columns were coated with HP-5 (50m x 
0.20mm i.d., 0.1lJ..Ull film thickness). The GC oven was programmed for all modes at 
40°C for 2min, heated to 31 ooc at 4°C/min and held at the maximum temperature for 
25min. The carrier gas was helium. The MS source was operated in EI -mode at 
250°C and 70eV, and the quadropole was heated to 200°C. Saturated and aromatic 
fractions and EOM were analyzed in the full-scan mode over a mass nu~ge of 50 to 
550 dalton with 2.94 cycles/sec. Carrier flow was programmed for constant pressure 
at 18psi. Aromatic hydrocarbons were analyzed by selected ion recording (SIR) at a 
constant carrier gas flow of 12psi, and recorded in two groups: naphthalene to 
methylfluorene (20 to 44min retention time, 8 ions from 128 to 180 dalton, 90 J.lS 
dwell time, 1.18 cycles/sec) and phenanthrene to D14 (starting at 44min retention 
time; 8 ions from 178 to 244 dalton, 90J..1S dwell time, 1.18 cycles/sec). Also analyzed 
by SIR were adamantanes and diamantanes at a constant carrier gas flow of 12psi. 
Adamantanes were monitored between 10 and 32min retention time (6 ions from 135 
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to 180 dalton, 90J.!S dwell time, 1.57 cycles/sec) and diamantanes starting at 32min (4 
ions from 187 to 215 dalton, 100 J.lS dwell time, 2.15 cycles/sec). Data were acquired 
and processed using Enhanced ChemSation Version B.Ol.OO (Hewlett Packard). 
Metastable reaction monitoring (GC-MS MRM) 
Steranes and cyclic terpanes were analyzed on a VG AutoSpecQ (Fisons 
Instruments) operated in the GC-MS metastable reaction monitoring mode (MRM). 
The inlet was a GC 8000 Series gas chromatograph (Fisons Instruments) and samples 
were injected in splitless mode or on-column either manually or using a CTC-A200 
Sampler (Fisons Instruments). Capillary columns for gas chromatography were 
coated with DB-5 (60m x 0.25mm i.d., 0.25J.U11 film thickness). The GC oven was 
programmed at 60°C for 2min, heated to 31 ooc at 4 °C/min and held at the fmal 
temperature for 25rnin. The carrier gas was hydrogen (17kPa constant pressure) from 
a 75-33 Hydrogen Generator (Balston). The source was operated in EI-mode at 
250°C and 70eV ionization energy, with the acceleration voltage set at 8000kV. 
Bi- to penta9yclic terpanes and steranes were measured in two sets of parent -7 
daughter transitions. The first set, at elution times of 15 to 5lmin, monitored 13 
transitions of Cts to c26 bi- to tetracyclic terpenoids with dwell times of 40J.LS and a 
cycle time 1.39s. The second set, starting at 51 min and ceasing at 80min, recorded 20 
transitio~s of c26 to c32-pentacyclic terpanes and steranes with dwell times of 40J.!S 
and a cycle time 2.12s. In a separate run, C21 to C36-hopanes and A-ring methylated 
hopanes were monitored in 22 parent -7 daughter transitions from 52 to 80min with 
30Jls dwell time and a full cycle time of 1.69s. 
All parent -7 daughter transitions monitored in the present study are listed m 
Appendix IV. 
Stable carbon isotopic composition of individual hydrocarbons 
The carbon isotopic composition of individual hydrocarbons was determined by gas 
chromatography-isotopic ratio mass spectroscopy (GC-IRMS). The analytical system 
included a Varian 3400 gas chromatograph connected to a CuO/Pt combustion 
interface (Merritt eta/., 1994) and then to a Finnigan MAT 252 isotope-ratio mass 
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spectrometer. Samples were manually injected on-column and the programmable GC 
injector was immediately ramped from 60°C to 300°C at 150°C/min and held at the 
final temperature for 8.4min. Helium was used as the carrier gas and the GC 
capillary column was coated with DB-I (60m x 0.25mm i.d., 0.25~ film thickness). 
The GC oven was programmed at 40°C for 1 Omin, heated to 310°C at 4°C/min and 
held at the final temperature for up to 1 Omin. If better baseline resolution was 
required for pristane and phytane, the heatiilg rate was reduced to 2°C/min. 
Data was acquired and processed using the software package ISODAT version 7. 
The software calculates o13C of individual hydrocarbons using a carbon dioxide 
standard measured at the end and beginning of the GC program and reports o13C 
relative to the Pee Dee Belemnite ~tandard (PDB). To verify the gas-standard 
calibration, perdeuterated n-alkanes were co-injected with some samples (C16D34 
(-28.68%o), C2oD42 (-34.04%o) and C24D5o (-26.85%o); Chevron). 
Injection techniques 
For GC and GC-MS analyses, samples were either manually injected or, if an 
autosampler were employed, septa were removed from vials and immediately 
replaced after injection. Automatic pumping of samples was avoided. Syringes were 
rinsed twenty times from two different DCM reservoirs. 
11.5. Compound identification and quantification 
Compound Identification 
n-Alkanes, methylalkanes, acyclic isoprenoids and cyclohexylalkanes were identified 
by GC-MS in full scan mode and comparison of retention times and mass spectra 
with AGSO Standard II (courtesy of the Australian Geological Survey Organisation) 
and the NIST/EPA/NIH Mass Spectral ,Library (Version 1.6d, build 24/06/98, ©U.S. 
Secretary of Commerce). Adamantanes were identified by GC-MS in SIR, MRM and 
full-scan mode and comparison with mass spectra and chromatographic data (Chen 
et al., 1996) and by co-chromatography with an adamantane-rich condensate 
(AGSO#l0203). Steranes and bi- to pentacyclic terpenoids were identified by 
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characteristic parent-daughter transitions in GC-MS MRM and by co-
chromatography with AGSO Standard II. Mono and triaromatic steroids were 
identified by GC-MS in the SIR and full scan mode and comparison of 
chromatographic and mass spectral data with AGSO Standard-II and published data 
(Moldowan & Fago, 1986; Peters & Moldowan, 1993; Riolo et a!., 1985). 
Methylsteranes were identified by GC-MS MRM and by co-chromatography with 
Triassic bitumen AGSO Watchet #5021- and comparison with published data 
(Summons eta!., 1992; Summons et al., 1987). Methylhopanes were identified by 
their characteristic GC-MS MRM parent-daughter transitions, comparison with 
AGSO Standard II and by retention-time/carbon-number plots after the method of 
Summons & Jahnke (1992), as described in Chapter 3. Aromatic hydrocarbons were 
identified by GC-MS in SIR and full-scan mode and comparison of mass spectra 
with AGSO Standard II and the NIST/EPA/NIH Mass Spectral Library (Version 1.6d 
of 24/06/98, © U.S. Secretary of Commerce), comparison of relative retention times 
with Jiang (1998), and by co-chromatography with commercia11y available standards. 
Quantification 
Total yields of extracted saturated and aromatic hydrocarbons in ppm (J.Lg per gram 
of rock) were determined by integration of total GC-FID signals using aC22 and D14 
as internal standards (-20% statistical error) (Table 3-1). Values obtained this way 
were 30 to 50% lower than previously reported data based on gravimetric analyses 
(Brocks et al .• 1999). The latter method was avoided as solvent removal causes loss 
of lighter hydrocarbons and as residual solvent in bitumen causes large systematic 
errors for samples in the sub-milligram range. 
Absolute concentrations of n-alkanes (Tables 3-1 and 6-2) were determined by GC-
FID with aC22 as the internal standard. In samples with low relative concentrations, 
n-alkanes were determined by integration of GC-MS signals in m/z == 85 partial mass 
chromatograms relative to the internal standard aC22 and correction of peak areas. 
Response factors were calibrated by injecting n-alkane mixtures on GC-FID and GC-
MS. Quantities determined by GC-FID and GC-MS were comparable within ~10%. 
Aromatic hydrocarbons were quantified relative to D14 using GC-MS partial ion 
chromatograms of the base-ion recorded in full scan or SIR mode. Signal areas were 
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corrected using response factors determined by injection of defined concentrations of 
commercially available standards. Aromatic compounds were quantified using the 
aromatic fraction of the bitumen, except naphthalenes, that were determined in the 
EOM. 
Absolute concentrations of sterane and hopane biomarkers in ppb (ng per gram of 
rock, Table 3-1) were estimated by GC-MS MRM with D4 as the intemal standard. 
Signal areas of steranes were determined' in M+ 7217 transitions, hopanes in 
M+ 7191 transitions and the standard D4 in the 4047 221 transition. Signal areas 
were not corrected for differences in response. 
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13. Appendix IV: Compound abbreviations 
Table IV-1. Peak and compound abbreviations used in tables and figures, sorted by compound 
class and molecular mass. 
Abbreviation Structure• C-No'b Compound GC-MSc 
Aliphatic 
hydrocarbons 
n-Cx X n-alkanes 
il4 I 14 2,6,1 0-trimethylundecane 
i1s I 15 2,6, 1 0-trimethyldodecane 
il6 I 16 2,6,1 0-trimetyltridecane 
il7 I 17 2,6, 1 0-trimethyltetradecane 
ilg I 18 2,6,1 0-trimethylpentadecane 
Pr I 19 pristane 
Ph I 20 phytane 
Cheilantbanes n 
Cw~<X 19 C19-13 J3(H), 14a(H)-cheilanthane 2627191 
C20-!3a 20 Czo-13 J3(H), 14a(H)-cheilanthane 2767191 
~.-J3a 21 ~1-13 J3(H), 14a(H)-chei1anthane 2907191 
Cn-J3a 22 C22-13 J3(H), 14a(H}-cheilanthane 304~191 
C2rJ3a 23 C23-13 J3(H), 14a(H)-cheilanthane 3187191 
c24-J3a 24 C24-13 J3(H}, 14a(H)-cheilanthane 3327191 
C2s-J3a-22S/R 25 Czs-13 J3(H), 14a(H)-cheilanthane 3467191 
(22S/R) 
Regular steranes III R 1 =R3=~=R5 =H 
C27-aaa-20S/R Rz=H 27 5 a( H), 14a(H), 17a(H)-cholestane 3727217 
(20S/R) 
C27-aJ3 13-20S/R R2=H 27 Sa(H), 14J3(H),17~(H)-cholestane 3727217 
(20S/R) 
C28-aaa-20S/R R2=CH3 28 5a(H), 14a(H), 17a(H)-24- 3867217 
methylchole~tane (20S/R) 
C2s-ai3J3-20S/R Rz=CH3 28 5a(H),14~(H),17J3(H}-24- 3867217 
methylcholestane (20S/R) 
C29-aaa-20S/R Rz=CHzCHJ 29 5a(H),l4a(H), 17a(H)-24- 4007217 
ethylcholestane (20S/R) 
C29-aJ3J3-20S/R R2=CH2CH3 29 Sa(ij), 14J3(H), 1 7J3(H)-24- 4007217 
ethylcho1estane (20S/R) 
CJo-aaa-20S/R Rz=CHzCH2 30 Sa(H), 14a(H},17a(H}-24-n- 4147217 
-CH3 propylcholestane (20S/R) 
C3o-a~J3-20S/R R2=CH2CH2 30 Sa(H), 14J3(H), 17f3(H)-24-n- 4147217 
-CH3 propylcholestane (20S/R) 
Methylsteranes III R1 = H; Rz = CH1CH3 
Cw2cx-Me-cxa.cx- R3=CH3 30 2cx-methyl-5a.(H), l4a.(H),17a.(H)- 4147231 
208/R ~=HR5=H 24-ethylcholestane (20S/R) 
C30-2cx-Me-cx~~- R3=CH3 30 2a.-methyl-5cx(H), 14~(H),17~(H)-24- 4147231 
20S/R R.=HRs=H ethy1cholestane (208/R) 
CJo-3 ~-Me-a.a.a.- R.=CH3 30 3~-methyl-Sa.(H), 14cx(H), 17a.(H)-24- 4147231 
208/R RJ=HRs=H ethylcholestane (20S/R) 
C3o-3~-Me-cx~~- ~=CH3 30 3 ~-methy1-5 a.(H), 14~(H), l7~(H)-24- 4147231 
208/R RJ=HRs=H c:thylcho1estane (20S/R) 
C3o-4a.-Me-a.a.a.- R5=CH3 30 4a.-methyl-5cx(H), 14a.(H), 17cx(H)- 4147231 
20S/R R3=H~=H 24-ethylcho1estane (208/R) 
CJo-4cx-Me-a.~~- R5=CH3 30 4cx-methyl-5a.(H), 14~(H), 17~(H)-24- 4147231 
20S/R RJ=H~=H ethylcholestane (20S/R) 
Dinosteranes III R 1 = CH3; R2 :: CH3 
Dino a.a.a.- R5=CH3 30 4cx-methyl-5cx(H), 14a.(H), 17a.(H)- 4147231 
20R,23 SIR,24S/R R3=H~=H 23 ,24-dimethylcho1estane (20R., 
238/R, 24S/R) 
Diasteranes IV 
c2,-~cx-20S/R R=H 27 13~(H),l7a.(H)-diacho1estane 3727217 
(20S/R) 
Cls-~a.-208/R R=CH3 28 13~(H),17a.(H)-24- 3867217 
methy1diacho1estane (20S/R) 
C29-~cx-208/R R=CH2CH3 29 13 ~(H), 1 7 a.(H)-24- 4007217 
ethy1diacholestane (208/R) 
Cw~a.-208/R R=CH2CHr 30 13 ~(H), 17 a.(H)-24-n- 414-7217 
CH3 propyldiacho1estane (20S/R) 
Neohopanes v 
Ts 27 18cx(H)-22,29,30-trisnorneohopane 370-7191 
C29Ts 29 18a.(H),21 ~(H)-30-nomeohopane 398-7191 
Hopanes VI 
Tm 27 17cx(H)-22,29,30-trisnorhopane 370-7191 
29,30-BNH 28 17a.(H),21 ~(H)-29,30-bisnorhopane 384-7191 
28,30-BNH 28 17a.(H),l8a.(H),21~(H) and 384-7191 
17~(H),18a.(H),21a.(H)-28,30-
bisnorhopane 
c29-a.~ 29 17cx(H),21 ~(H)-30-norhopane 3987191 
C29-~a. 29 17~(H),21a.(H)-30-norhopane 3987191 
CJo-a.~ 30 17 cx(H),21 ~(H)-hopane 412-7191 
CJo-~CX 30 17~(H),21 a.(H)-hopane 412-7191 
Cwcx~-228/R 31 17a.(H),21 ~(H)-bomohopane (228/R) 426-7191 
Cn-a.~-22S/R 32 17 a.(H) ,21 p(H)-bishomohopane 440-7191 
(22S/R) 
Hopanes 
(continued) 
Cwa~-22S/R 33 17a{H),21 ~(H)-trishomohopane 454-7191 
(22S/R) 
C34-a~-22S/R 34 17a{H),21 ~(H)-tetrakishomohopane 468-7191 
(22S/R) 
Cwa~-22S/R 35 17a(H),21 ~(H)-pentakishomohopane 482-7191 
(22S/R) 
2a- VII 
Methylhopanes 
Cz9-2a-Me R.=CH3, 29 2a-methyl-17a.(H),2l~(H)-29,30- 398-7205 
R2=H bisnorhopane 
C3o-2a-Me Rt=CH3, 30 2a-methyl-17a(H},2l~(H)-30- 412-7205 
R2=H norhopane 
Cw2a-Me R.=CH3, 31· 2a-methyl-l 7 a{H),21 ~(H)-hopane 426-7205 
R2=H 
C32-2a-Me- R1=CH3, 32 2a-methyl-17 a{H),21 ~(H)- 440-7191 
2iSIR Rz=H hornohopane(22S/R) 
C33-2a-Me- R.=CH3, 33 2a-methyl-17a(H),21 ~(H)- 454-719t 
22S/R R2=H bishomohopane (22S/R) 
C34-2a-Me- RI=CH3. 34 2a-methyl-17 a(H),21 ~(H)- 468-7191 
22S/R R2=H trishomohopane (22S/R) 
Cw2a-Me- RI=CH3, 35 2a-methyl-17 a(H),21 ~(H)- 482-7191 
22S/R R2=H tetrakishomohopane (22S/R) 
C36-2a-Me- R 1=CH3, 36 2a-methyl-17a{H),21 ~(H)- 496-7191 
22S/R R2=H pentakishomohopane(22S/R) 
3~- VII 
Methylhopanes 
Cw3~-Me Rt=H, 31 3~-methyl-17 a(H),21 ~(H)-hopane 4267205 
R2=CH3 
C32-3~-Me-22S/R R1=H, 32 3 ~-rnethyl-17 a(H),21 ~(H)- 440-7191 
R2=CH3 homohopane (22S/R) 
Cw3~-Me-22S/R R1=H, 33 3 ~-methyl-17 a(H),21 ~(H)- 454-7191 
R2=CH3 bishomohopane (22S/R) 
Cw3~-Me-22S/R R1=H, 34 3 ~-methyl-17a(H},21 ~(H)- 468-7191 
R2=CH3 trishomobopane (22S/R) 
Cw3~-Me-22S/R Rt=H, 35 3 ~-methyl-17 a(H),21 ~(H)- 482-7191 
R2=CH3 tetrakishomohopane (22S/R) 
Cw3~-Me-22S/R Rt=H, 36 3~-methyl-17a(H),2l~(H)- 496-7191 
R2=CH3 pentakishomohopane (22S/R) 
Mono aromatic 
steroids 
Cz1-MA VIII 21 253 
C22·MA VIII 22 253 
Triaromatic IX 
steroids 
C2o-TA 20 231 
C21-TA 21 231 
C22-TA-20S/R 22 231 
~6-T A-20S/R R=H 26 231 
C21- T A-20S/R R=CH3 27 231 
C28-TA-20SIR R=CH2CH3 28 231 
Diamondoids 
x-MA X 11 x-methyladamantane 135 
x-MO XI 15 x-methyldiamantane 187 
PAH 
Naph XII 10 naphthalene 128 
x-MN xn 11 x-methylnaphthalenes 142 
x,y-DMN XII 12 x,y-dimethylnaphthalene 156 
x,y,z-TMN XII 13 x,y,z-trimethylnaphthalene . 170 
BiPh XIII 12 biphenyl 154 
x-MeBP XIII 13 x-methylbiphenyl 168 
Fl XIV 13 fluorene 166 
x-MeFl XIV 14 x-methylfluorene 180 
DBF XV 12 dibenzofuran 168 
Ph en XVI 14 phenanthrene 178 
x-MP XVI 15 x-methy1phenanthrene 192 
x,y-DMP XVI 16 x,y-dimethylphenanthrene 206 
DBT XVII 12 dibenzothiophene 184 
x-MDBT XVII 13 x-methyldibenzothiophene 198 
FlAnth XVIII 16 fluoranthene 202 
Pyr XIX 16 pyrene 202 
x-PhN XX 16 x-phenylnaphthalene 204 
MePyr XX 17 methylpyrenes 216 
Benzo[a]pyr XXI 20 benzo[a]pyrene 252 
Benzo[ghi]pery XXII 22 benzo(ghi]perylene 276 
a) Refers to structures on last two pages of fold-out. 
b) Carbon number of molecule. 
c) GC-MS ions or MRM parent-7daugther transitions used for compound identification and 
quantification. 
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